
UNCLASSIFIED

AD NUMBER
AD011585

CLASSIFICATION CHANGES

TO: unclassified

FROM: secret

LIMITATION CHANGES

TO:
Approved for public release, distribution
unlimited

FROM:

Controlling Organization: British Embassy,
3100 Massachusetts Avenue, NW, Washington,
DC 20008.

AUTHORITY
DSTL, AVIA 6/19385, 31 Jul 2008; DSTL,
AVIA 6/19385, 31 Jul 2008

THIS PAGE IS UNCLASSIFIED



Reproduced by

gArmed Services Technical information Agency
DOCUMENT SERVICE CENTER

KNOTT BUILDING, DAYTON, 2, OHIO

SECRET



Best
Avai~lable

Copy



REPORT REPORT
G.W.IS G.W.1S

CL
C)Z
C)

LU SECRET

REPORT No: G.W.15

THE PREVENTION OF
EXCESSIVE LIFT FORCES

ON GUIDED MISSILES
by

J.JGAIT, M.A., .C.. A.Inst.P.. A.M.I.E.E.

and D.W.ALLEN

7 a

7"4I DocuY4INT 'S t.1 9*0999", 'OF h. GOY, 9.9a991t4 ANO
AtTN9 FS CALLID TO '.4 RN.ALM~S ATTAC~ahG To
ANY " Wd91415I1N C0 T14 O#Pc-At IlCAfts ACT. *-um

&,A.. The *ICCC -~ *. 1 fl* . ,,, --- 0 7l O m, 7.

I.I SICIAPY, ffl7*1'Y 0f SUPPLYt* 7LLIAN9 LO#40O4 SPA'

LOWC' p9l*549* CC. - .4 bo 01 4 ,t, 99*4. 4"' 7. ,4,494 All M -C, 1

OR,-. WI...04.0' ., n Ad

SECRET



U.D.C. No 623.451-519:621-526:533.691.15s533.6.0131,3

Report No. G.W.15

M aah, 1953

ROYAL AIRCRAFr ESTABLISHMENT FARNBOROUGH

The Prevention of Excessive Lift Ibroes on
Guided Missiles

by

J.J. Gait, N.A., B.So.,. A. Inst.P., A.M.I.E.20

and
D.W. Allen

SUMMARY

In order to prevent the development of destructive or excessive
lift forces during the flight of a guided missile it is generally
necessary to limit the total lift on the missile by some form of auto-
matic control action. It may also be necessary or advantageous similarly
to limit the control surface lifts of the missile.

Methods of obtaining overriding limiting actions which, within
bounds, function independently of missile altitude, velocity and static
margin are proposed and critically examined. These methods depend on
feedback to the oontrol surfaces, via suitable threshold circuits, of
the outputs of lateral and angular accelerometers suitably situated within
the missile.

It is conoluded that such an approach to the limiting problem
gives a technique whereby the control surface lift force and the total
lift force on the missile may be separately or jointly oonstrained
within the given design limits for these forces.
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I Introduction

1.1 The lift problem

It is essential that the method of control adopted for a guided
weapon should not make excessive demands on the structural strength of
the missile. In general terms we assume that the structural strength
of the missile may be defined in terms of the maximum tolerable values
of wing lift, control surface lift and total lift. The control system
should therefore be such that at no time does it call for excessive values
of these quantities. One approach to this problem is to design the
control system to function effectively on the assumption that the system
is unhindered by structural strength considerations and then to impose
overriding constraints or limits such that the safe lift values cannot be
exceeded. These limits must be independent of missile altitude, missile
velocity etc. and they should be such that the fullest use can be made
of the lifts or accelerations available, that is, there should be a
sharp cut-off action whenever the lift or acceleration concerned reaches
the specified safe maximum.

The primary object of this report is to develop and discuss certain
methods whereby the desired limiting may be obtained for a particular
tyr:e of missile. A secondary objective has been to investigate certain
of the penalties of such limiting action on the performance of the
missile.

1.2 The type of missile considered

The majority of guided missiles at present being developed for
ground or ship-to-air and air-to-air operation have fixed cruciform wings
and rear cruciform control surfaces in line with the wings. The usual
design is such that the body-wing combination in the absence of the rear

control surfaces is neutrally stable. Some 9f the essential steps in

the design of such a missile are as follows.k1). The lift due to unit
sideslip velocity (Yv) is first fixed from considerations of the maximum
lateral acceleration required and the permissible maximum wing incidence.
The yawing moment due to sideslip (Nv), which determines the frequency of
the weathercock motion of the missile is chosen by the selection of the
manoeuvre margin: this choice usually being made at the expected average -
altitude of the missile. The yawing moment due to unit control surface
deflection (Nc) determines the surface deflection necessary to produce a
given angular acceleration and steady state lateral acceleration. It is
desirable that the demands on the onntrol surface actuators should be kept
small. By designing for a body-wing combination which is neutrally
stable the control surface incidence in a steady turn is very small and
the average value is therefore small. As a consequence of the neutrally
stable body wing design we have

- V = N r (I - aelaa)

where U is the forward velocity of the missile and /ad is the downwash
factor (frequently assumed to be ).

In the steady state the lateral acceleration of such a missile is a
ftmotion of the control surface deflection - being proportional to the

deflection if nonlinear downwash effects on the oqntrol surfaces are
ignored. If the demand for control surface deflection is limited and the
weathercock mode of motion is critically damped by suitable control action

-13-
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(e.g. feedback of rate of yaw) then the maximum achiev~d, acceleration is

proportional to the maximum control surface deflection . This however
does not provide a good method of limiting the acceleration to a predeter-
mined value since the proportionality factor between oontrol surface
deflection and acceleration is a function of altitude, velocity, centre
of gravity and centre of pressure positions etc. so that changes in these
quantities may either cause the final acceleration to be in excess of the
design limit or less than the design limit - the first leading to self
destruction and the second to inefficient use of the missile. The problem
to be tackled here is as follows. Can the oontrol surface motion be modi-
fied by control action so as to limit the acceleration and hence the lift
to a level which is independent of the aerodynamic parameters?

Also, while the average and steady state control surface lifts with
the above missile design are small, the peak control surface lifts
(especially at low altitudes) are liable to be so large that they present
structural design difficulties. Two of the issues discussed in this
report are (1) Can these peak control surface lifts be reduced by suit-
able control action without deterioration of the overall performance of
the system? and (2) If so does this indicate that a smaller control
surface can be used?

1. 3 The general scheme of attack

In order to d:velop methods of limiting which are independent of
the aerodynamic par.metero -tc. it seems essential that the methods hinge
upon some direct muasuremcnt of the quantity to be limited. While strain
guage methods etc. may be used it is felt that at present the difficulties
of applying such tchniques in guided waeapons is very great and for the
present attention should be concentrated on the use of such instruments
as lateral acoeleroeters, angular iocelerometers and gyros which are
either already developed or should be avqilable in the near future. It
is assumed here that measures of lqteral acceleration and angular accelera-
tion can be obtained within the missile. The actual measuring instruments
are not discussed although the general effects of instrument time lags
are studied.

Lateral accelerometers situated at the C of G of the missile provide
measures of the components of the total lift force acting on the missile
while lateral accelerometers situated at a certain point ahead of the
C of G provide measures of the components of the body and wing lift forces
only. Also for a missile with a neutrally stable body-wing combination
angular accelerometers provide measures of the control surface moments.
We may assume constant moment arms and control surface areas so that the
angular acceleration components are proportional to the control surface
moments, lifts and incidences.

Given that the lift forces to be limited can be measured in this
way the obvious attack on the problem is to feed signals proportional to
these quantities back to the control surfaces in such a way as to prevent
the occurrence of exessive lift forces. Since we wish the missile to be
unhindered unless it is at or near t condition of dangerous lift we
arrange that the feedbacks are only effective if and when the measures
of the lifts reach predetermined levels. It should be noted at this point
that there is no attempt to produce a system in which the lift forces are

roportional to the in ut demand signal but an attempt is made to override
the method of control whatever it may be, linear or otherwise) whenever

dangerous lift forces are approached. It is believed that the quality of I
measurement of the accelerations or lifts would have to be an order better
in any "lift force demand system" than it has to be for pure "overriding
control" as used here. For example, the measuring instruments need only

-14 -

ii ~~SInCmin



MTn

Report No. G.W. 15

be accurate at the oritical feedbaok level and questions of good linearity
of response do not arise. Also the quantities to be measured for over-
riding control are large, e.g..lOg.

There are a number of possible alternative techniques by which the
feedback loops may operate and th- biak of this report is concerned with
detailed analysis of such feedback loops. For example the feedback signals,
after passing throug)h threshold systems which will only permit the feed-
backs to take place if the signals are in excess of specified values,
may either be added into the normal control channels or may be used to
monitor diodes which are clipping signals in the normal control channels.
Studies of such nonlinear feedbank systems are greatly assisted by the
use of simulators or analogue computors and qt all stages of the work
such use has been made freely to extend, verify and illustrate the theoreti-
cal approaches. The simulator used for this work has been described in
detail elsewhere (Refs. (2) and (3)) and no account of it is given in
this report. The real value of a simulator lies in the fact that it can
b6 used for analysis of nonlinear systems in cases where theoretical
solutions to the problems ar not practical. It is good practice to
obtain simulator solutions for -a number of cases where the theoretical
solutions are readily obtained since in this way the operation of the
simulator may be checked and confidence increased in those simulator
results for which no direct theoretical chtck is possible. Throughout
the report a number of such cross checks between theory and simulator are
given.

When nonlinear feedb+ack systems, such as those proposed, are
applied to a missile a host of problems arise. Do the feedbacks achieve
their desired objective? What are th, stability conditions? How do the
feedbacks affect the aerodynamic response i.e.the weathercock motion of
the missile? How sensitive is thr systeln to parameter variations? Can
total lift and control surface lift limits be successfully applied at
one and the sane time? What are the relative advantages and disadvantages
of different feedback t-ohniques etc. -tc.? An attempt is made to present
the methods and th answers to the major problems, such as those above, in
logical sequence.

1.4 Illustrations, Examples, etc.

In all the numerical and simulator work, the values of the aero-
dynamic derivatives etc. -appropriate to a particular typical missile have
been assumed.

Since the simulator used was specifically designed for beam riding
investigations it was possible to check at many stages just how, the limit-
ing systems (designed on the basic of arbitrary input control signals)
were affecting the performance of a typionl beam riding system. All sec-
tions in which beam riding is being specifically dismssed are marked
so that the reader not interested in this particular application may omit
such sections.

If the methods of limiting discussed here are adopted for any
existing missile oontrol system then it may well be that they will have
repercussions on the design of that control system. The impact of the
limiting methods on the design of beam riding system tested is not dis-
cussed and the work is restricted to discussions on how the limiting
methods affect the performance of the beam rider with its existing control
system.

-15-
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2 The Basic Equations and Properties of the Missile

Before proceeding to a study of the proposed limiting systems the
relevant equations for and the characteristics of the type of missile to
which the limiting is to be applied are first discussed.

Since the missile is symmetrical and may be assumed to be roll
stabilised its motion may be analysed in terms of its motion in one plane
only; consider this plane to be the yaw plane.

2.1 The equations of motion

The basic equations of motion of the missile, as normally assumed
Refs. (1), (2), (3) are

ni= Yv.v + Yr.r + Y (Froe Equation) i

C = Nv.v + Nr r +N (oment Equation) (

together with the relationship

h = +Ur J

In these Pquetions the variables are

4, the control surface angle ur.t. the missile longitudinal
axis

r, the rotational velocity (= ,, whe.re * is the heading angle)
v, the sideslip velocity

hp the iisalace-ment of the C of G of the missile from a datum line

while m, C and U are the mass, moment of inertia and forward velocity
respectively.

Yv, Yr, Y4 and Nv, Nr, N4 are the aerodynamic force and moment
derivatives, assumed constant.

Throughout the report Yv/m, Yr/m, Y rm and Nv/c, Nr/c, Nr/1 are
contracted to Yv, Yr, y and nv, nr and n.

Terms of the form (nvyr- yvn4) are of frequent occurrence and these
terms have been contracted as follows

xv4 = nvy - yvnr.

xvr = nyr -yvnr
x~r = ne"r - nrYvr

2.2 The test missile

For the purposes of numerical and simulator work a test missile
is assumed. This missile may be broadly classed as of the R.T.V.2 type
and considered to have the aerodynamic parameters of Table I when
operating at its maximum altitude.

S-16-
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- 6TABLE I

Test Missile

yv : -1 sc "I

-o-1

Yr = 2.4 ft seo

-2= W0 ft S(-C

nv  = 1/ 5 ft
"I  s.c

"I

nr  -1-

n, = -200 src-2

-1
U = 15 0 ft sec
C/m 25 ft2

giving

X 32 ft s -3

xvt- -146.6 sQc - 3

Xvr S -SC-2

2.3 The response of the missile to its control surfaces

If equations (I) are solved for the transfer functions r1 , v/,
and F2 hp/4 we obtain

r pn + xvr Q fr(P ) sayQ

p yr - -U r + X 7

, - v(p) k(2)

ph r yr + rx,,r + UN rh~°

where

p2 + p(-yv-nr) + un , + xrv( )

r
and Q or 0 is the oharacteristic equation (4)

ph

of the weatheroook motion of the missile.

-17-
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In the steady state equations (2) give

Xv U *x k sayrvr
-Un v + "Xrv krsa

v -Un + x4
= k (5)Z Unv + x.v v

Un + X ' "

v rv

The expression for Q given in equation (3) may be written in the
form

=p + 2uwr. + (6)

where '/2-, is the undamped weathercock frequency and u is the damping
ratio.

2.4 The control surface incidence

The control zurface incidence ) denoted by r where Or is deter-
mined ty the following consideration(i ).

The wind incidence will vary along the length of the missile
because of the rotation of the longitudinal axis. If the incidence at the
C of G, which is situated at a distance 1r rear of the nose, is taken as
- v/u then the incidence at any point at a distance t rear of the nose

_V -( G (7)

This variation of incidence with rate of yaw is small and may be
neglected. The local incidence is however changed by the presence of
the body and lifting surfaces upstream. The downwash effect from the
nose is negligible, that from the wings onto the control surfaces is
appreciable and that from the wings and control surfaces onto the tail
cone can be neglected in view of the unimportance of lift on this cone.
It is assumed that the change in incidence at the control surface is
proportional to the incidence on the wing surface. This assumption
ignores the time lapse between the deflection of the airstream by the
wings and the downwash reaching the control surfaces Thus if the
incidence in the regions of nose, wings and tail is denoted by a and the
incidence on the control surface is denoted by aR we haveI, = _ v/U (8)
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where is the downwash factor, assumed to be equal to 0.5.

If the control surface is deflected through an angle r with respect
te the body then the incidence on the control surface is

01r= + R

or r + (10)

2.5 The equations of motion in terms of control surface incidence

(a) Force Equation.

If we substitute from (10) in the force equation (1) we get

a 1Y + -4 (1 - V +Y r +Y 0(i
v U 7 rr

This equation tnbl(-s thv .-irlous nomocnents of the total lift to
be identified

mh is the totil lift, identiried b:,- I

+ . (I - -M) v is th lift or. the wings and body due to
- - s ideslip, identified by W

Yr.r is the lift on th- missilp 'iur to its rotational motion,
identif'i d by

Yr Or is the lir-' en th oontrcl surface, identified by R

Thus

T W + R+. (12)

Nam A is normally a emall fraction of "7 and may be neglected so
that

T W + R (3)

(b) Moment Equation.

If we substitute from (10) in the moment equation (1) we get

NI
c : v + -r + Nr

v U r ri

This equation shows the moments corresponding to the lifts
defined above.

The basic missile design is such that the body-wing combination is
neutrally stable (in the sense that there is no moment on the body-wing
combination due to sideslip). Thus the basic design is such that

+a) 0 •15
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2.6 The relationship between control surface incidence and angular
_____ aoceleration

0. The oontrol surface incidence Or is given by

0 = - e\ of. eqn.(10)

but

v P.Yr - Un + x r
Xr of. eqn.(5)'= Q

so that

P +r (-Yv-nr) + Unv+x (r v  - + U

Now 
f(p) 

say

' n + xvvP-
f Tr(p) = F () say of. eqn.(2)

Thus

r P F(-yv -nr + Unv Xrv- (I- a U .+! -.

2 2 (17)

This relationship between control surface incidence and angular
acceleration will hold irrespective of any local feedbacks (of angular
rate, lateral acceleration etc.) used to modify the missile weathercock
characteristics. It forms the basis of the control surface lift limit-
ing system to be discusscd.

If the body-wing combination is neutrally stable then from
equation (15) we have

- =0

or .n.is

Sso that

Or p (' ' ) ' p  I .* ' :k. ,
P (-Y -~ ~ nr (-4-r

r2. (19)
p pnr + icvr

- 20 -
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2.7 Departures from the neutral stability condition

The condition for neutral stability of the body-wing combination
defined in equation (15) is a critical relationship and departures from
it give rise to difficulties in the limiting methods to be discussed.
Such departures will arise as the result of changes in the lift coeffi-
cients or as a result of changes in the moment arms. The centre of
pressure of the body-wing combination is believed to be fixed in position.
The centre of pressure of the control surfaces may vary, and while this
will change the static margin of the complete missile it will not
disturb the neutral stability of the body-wing combination. If the
centre of gravity of the missile moves (due to fuel consumption) then
the moment arms for both the wing lift and control surface lift will
change. Since the percentage change in wing arm will be much greater
than that for the control surface arm the centre of gravity shift may be
interpreted as a change in Nv with no corresponding change in Nr. In
order to study the effects of departures from the neutral stability
condition it is therefore assumed that the force coefficients are
constant but that Nv is changing and this is physically attributed to
a shift in the centre of gravity due to fuel consumption.

Taking Nv as given by Nv = " Yv (static margin) we see that if
the centre of gravity of the missile moves forward through a distance
H ft then the new value of Nv say Nv' is given by

N = " Yv H (20)

The limiting systems discussed are tested for sensitivity to
departures from the neutral stability condition by determining what
departure of H from zero can be tolerated.

It is convenient to note at this point the direct effects of a
varying centre of gravity position on the general missile characteristics.
Such variations will result in variations in the weathercock frequency
and damping, the aerodynamic stiffness and the steady state control
surface incidence.

(a) The Effect of centre of aravitv shifts on the Weathercock Mode

Intorpreting the C of G shift as a change from Nv to N4 we have
from equation (3) the following approximate relationships for the
corresponding frequencies (fo and fo) and damping ratios (uO and u').

fA
0 

I

and f(21)

OI0 '1

- 21 -
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Table II shows .the order of these changes for the test missile.

TABLE II

Hice :+9 +6 +3 10 -31 -6 -9

fo/f 1.20 1.14 1.07 1 0.92 0.84, 0.74

ul/ 1 0.83 f0.88 0.93 1 1.08 1i.20 1.35

(b) The Effect of centre of gravity shifts on the Aerodynamic
Stiffness

From equation (5) the steady state lateral acceleration per unit
control surface angle (the aerodynamic stiffness) is given by

p h, Uxv4r. Un + _Xrv .kh

Lp2hp
Table III shows the variations in - as a function of H for

the test missile.

TABLE III

Hinches +12 + +6 +3 0 -3 1 -12

p2hp g
0.59 o0.70 !0.82 1.00 1.21 1.50 1.92 2.55 3.68

(c) The Effect of C of'G Shifts on the Steady State Control Surface
Lifts

From equation (16) the control surface incidence Or as a function
of control surface deflection 4 is given by

_r=P2 + P (Yv _ mr) + Unv + xrv" +1 V- -

~r - - I a ?x U

P2 p (yv-nr) + nv + 3rv

and in the steady state this becomes

e xv

,.r' -. n,,
or N+ xr L U r" " (22)r

- 22 -
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V yv l (i" )1 (22b)

Unv + nr yv

Table IV shows how the steady state value of 'r/r varies with H
for the test missile.

TABLE IV

H inches +9 +6 1+3 0 -3 -6-9

Or/4 0.315 0.237 0.138 0.010 -0.163 -0.408 -0.785

Thus for a constant control surface deflection the missile executes
a steady turn in which the steady state control surface incidence is
determined by the C of G position.

2.8 The effects of altitude and velocity variations

In assessing the effects of air pressure variation with altitude
and the effects of varying velocity on the performance of the missile we
let p and O' denote th ratio of actual velocity and air pressure to the
values at the standard design condition. If dashed symbols are used to
denote the values of parameters at ether than the standard design condi-
tion then as an approximate guide to the gross variation of the parameters
with P and T we may use

and
yr, = a jAy n' -C

r'=O%

Yyn = O v (23)

YrI' Yr r' =ornr

These approximations, while not being of wide general application,
are realistic for the type of missile considered here, (i.e. missiles
with static margins large compared with any shifts in the centre of
pressure).

The effects of altitude and velocity variations on the steady state
lift forces are of interest.

If the steady state values of T, W, R and R are denoted by T3, Wa,
R. and R. respectively then equations (I) and (12) show that

•Y +

T m  UTo f. 1AF~i~!~k U ~

A -23-
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Inspection of the order of magnitudes of the above terms for the
test missile shows that

W
(I) Neglecting the term 0/p Xrr/lxv in the expression for aS/T

v
introduces at most a 1,, error. Thus 'S/T. is constant (to within 1/)
irrespective of altitude and missile velocity.

(2) If the body-wing combination is neutrally stable then R/T s

is at most 2 of 1s/Ts. If the body-wing combination is not neutrally
stable then s/T s when it can no longer be neglected in comparison with
'7s/Ts is such that it is independent of missile altittide and velocity.

(3) Os/Ts is at most 2/0 of WsITs.

Thus we assume that Ws/Ts and Rs/T5 are independent of missile
altitude and velocity and that

T= W. R (25)

Ws/Ts and Rs/T s are however dependent on the degree of stability
of the body-wing combination, e.g. they arc dependent on H, the shift in
the C of G position of the missile.

2.9 odification of the weathercock characteristics of the missile

There are a number of reasons for modifying the natural weathercock
motion of the missile. For exam-le, the natural damping ratio of the
missile is Iov. (usually of the order of 0.1 to 0.2) and for the purpose of
imposing some restraint on the maximum lateral acceleration of the missile
it is desirable that the dnaming ratio bc near to unity. (This point is
discussed in detail later.) The damping is normally controlled by negative
feedback of angular velocity from a rate g5ro. Also it may be desirable
to have some control over the wtath, rcock frequency - in general to
increase it by n-gativ: feedback of lateral acceleration from an accelero-
meter, although in certain circumstances it may be advantageous to decrease
it by positive feedback of laterad acceleration. Ncgntiv, feedback from
either gyro or accelerometer or both tends to reduce the effects of non-
lincarities in tht response of the missile.

If the oom1oner.t of control surface deflection demanded by the local
control feedbacks is denoted by 4 then

~m R t P (26)

where b and f determine the feedback gains of the angular velocity and
lateral acceleration respectively.

If ?, denotes the component of control surface deflection demanded
by the missile guidance system and 4D denotes the total control surface
deflection demand then

r- G 6 (27)

If the lag of the control surface actuator is neglected we may put

• I, (28)

-24 -
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In section 2.3 the transfer functions r/r., /t And p2h were

obtained. Using equations (20 and (27) the transfer functio rAG, "AG,
p2  mayow be determined. These are identical with those given by
equ;Ti (2) except that the expression

Q = p2+p (-y ) - +v +x of. eqn. (3)

or p2 +2u Wp+W 2

becomes

p2 ye (1- y)+p (-y -n - b n +  ) + n .bv x f

or 4.20wp+Wor (1 _-ytf) [p2 +,2 u w p += w2 (29)

so that in response to the guidance system the weathercock characteristics
of the missile w and u have been changed to W. and um by the angular velocity
and lateral acceleration feedbacks.

For the test missile W = 10 rad/see (i.e. undamped frequency = 1.59
c.p s.) and u = 0.1. hen ve wish to consider a typical modified missile
we assume the modifications are those suitable for a bea= riding system.
For example in Refs. (2) and(3) th(, response of the teat missile (used
as a beam rider) has been modified so as to increase the damping ratio to
unity while holding the undamped frequency constant, i.e. um =i , Wm = W =10.
The feedback constants required for this are

b = 0.09 rad per rad/sec

f = -6.3 x 10
- 5 rad per ft/sc

2  (30)

In this case the required acceleration feedback is very small but it has
been retained in all the work for the sake of completeness.

In the presence of such feedbacks the steady state values of , r,
v etc. per unit of 4G depend on the feedback gains. If negative feed-
back is employed then the greater the feedback gain the maller the steady
state values of h , r, v etc. per unit of 4G. It should be noted however
that the order of feedback gains required to modify the test missile to
the desired characteristics are small and the change in steady state values
per unit of Q- differ by only a few percent from those per unit of r.
This may be established by noting that the transfer function

b (xvr+nrp)-f (p2yr + px + Ux"Cr = I (31)
1 p+ p (-y v n r +Ul + xrv

* becomes

46 x vr (b, +frU)

in the steady state and this is approximately unity for the test missile
and the specified feedback gains. This fact leads to a useful simplifica-

tion. Por the purposes of approximate calculations the steady state values

of i , r, v etc. for the test missile may be taken as those given by the
unmoified and not the modified missile.

- 25 -
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Ib is convenient at this point to note the general form that the

weathercock characteristic expression Q assumes for certain other feed-

back combinations considered later.

If the control equation is

4D- = + br + A + K " (33)

where K ; represents feedback from an angular accelerometer then Q
becomes

o = p2 (1-fy-Kn,) + p (-Yv-nr-bnC-fxr+Kx )+Un Xrv+bx U fx (3)

2.10* The test beam rider

At various stages in the analysis of the limiting methods the
application of these methods to a typical beam riding system is discussed.
(In paragraphs marked *). This beam riding system is o r ye which
has received much study in Guided Y'apons Depar-ment.1),(.2) ,3). The
weathercock motion of the missile is modified by the process outlined
above so that the weathcrcock motion is critically damped and its frequency
is intermediate bet.:een the other mnjor frequencies of the missile motion,
namely, the frequency of th roll stabilisation system and the frequency
of the weave motion resulting from the bean riding control. The choice
of modified weathercock frequency is also influenced by the fact that
other things being equal the higher this frequency the greater the ease
of stabilising the beam riding control loop.

Ideally th- guidance component of control surface motion 1 consists
of the beam riding error distance plus the rate of change of this error
distance, i.e. in operational form

r% = G (i + p T )(hp- (35)

where

h is the missile position relative to a fixed datump
hB " " radar beam " " " the same datum

T is a time constant0
and G is a constant determining the stiffness of control.

The rate of change of error is however normally derived in an
appaoximte manner by an electrical network so that

(, + p To
(p -h (36)

where N in a constant of the order of 1/20.

The complete equation for the control surface deflection demand is
therefore

(+ pT
n G (, .p 0 ) (h -h) + ,f, (37)

-26-
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If we consider the test missile as the beam rider then typical
*values of the parameters in this equation are:-

b = 0.09 rad per rad/sec

f = -6.3 x 10-5 rd per ft/sec2

giving as in Section 2.9 a modified undamped weathercock frequency of
1.59 c.p s. with A damping ratio of unity.

G = 0.746 10 - 3 rad ft "1

To = 0.91 sec (38)

N /

The effects of the various limiting systems on this test beam
rider are studied mainly in terms of the characteristics of the various
modes of motion and on the beam riding response to step displacements of
the radar beam.

If the radar beam, which the missile is attempting to ride, is
auto-following a target then for various reasons there is a pronounced
noise or "jitter" motion superimrosed on the steady motion of the radar
beam. This in turn means that the guidance information passed to the
missile control systejm, hs a pronounced noise component. If the control
systemi were linear then this-noise would simply rLsult in a dispersion in
the miss distance against the target. Any nonlinearities in the control
system, such as the limiting systems to be discusstd, may result in
rectification of the noise and consequently introduce a bias as well as
a dispersion into thc miss distance against the target. It is important
therefore that the limiting systems te tested in the presence of radar
beam jitter to cnsure that they ,rt- not unduly affecting the overall
performnnec of the missile regercl'4 as %. vtapon.

"Jitter" is discussed in Ref.1, %nd in Ref.2 a method of simulating
it and measuring the miss distances obtained with the test missile is
given. For a representative radar set the radar beam jitter at 30,000 yds
range is of the order of 60 ft R.,11.S. Jitter of this 3rder of magnitude
and with a frequency spectrum appropriate to the typical radar set (the
Naval 901 Radar Set) has been used in tests on the limiting systems.

3 Limitation of Total Lift

3.1 Failings of the Present method

One method at present in use for the limitation of the total lift
on the missile is simply that of limiting the guidance component (,) of
the control surface demand signal.

If the lateral acceleration and rate of yaw feedbacks are arranged
to give critical damping at a desired frequency then there is no overshoot
of acceleration beyond the steady state value. Thus if the aerodynamic
derivatives are constant and the weathercook mode is critically damped
then limitation of the control surface demand signal (40) effectively
limits the acceleration; the limiting acceleration (and hence the total
limiting lift force) being proportional to the limiting value of .the
control surface demand signal (4G).

This oonrition cannot be attained in flight because the aerodynamic
derivatives are not constant. Consequently for a fixed control surface
demand limit the limiting acceleration can vary over a wide range -

leading either to destruction or inefficient use of the missile.

- 27 -
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.4 Consider for example changes in the static margin of the missile
due to fuel consumption. Table Ill on page 22 shows that for the test
missile a static margin change of +9" will cause a 5E% radiotion in the
maximm acceleration and a static margin change of -9" a 21O% increase
in maximum acceleration.

3.2 Proposals for the limitation of the total lift

In order to develop a method of limiting the total lift to a value
which is indelp(ndent of aerodynamic parameters it seems essential that
the method bf- based on some messurement of the lift occurring, followed
by appropriate feedback of the lift signal to control the maximum lift.

The lift forces arc r.',tdily measured by an accelerometer and the inmediately
following sections consist of a study of various techniques of acceleration
feedback aimed at obtaining an effective total lift limiting system.

Simple acceleration feedback is first discussed and then the advan-
tages of using an accelerometer displaced from the centre of gravity of the
missile are brought out. The attenuating action of dirrct feedback on the
lift is then converted into a limiting action by passing th; feedback
signals through a threshold system. An improved system has been developed
in which the acceloration is fedback through a threshold system and then
used to mcnitor the level at which diode limiters limit the control surface
demand signal. These systerd have been tested over a rAnge of values of
H, the changte in stitic margin.

3.3 Feedback from i lateral icc, leronetur

3.31 The eff.,ct of direct accelration feedbqck on the response
of tht, missile

The general effects of direct icceleration feedtack may be derived
from -k study of thf behaviour of the modified missile when the accelera-
tion feedback gain is vari-d.

From eqration (29) .we hve for the mdified missile the characteris-
tic expression for the weathfrcock motion

pf-n -n +fx ) n +x bXv + .f

..mf (. r 4 4r v rv v

Clearly the effect of the- "cceleration is critically dependent on
the value of y. if fyr 1.

It is of interest to consider two cases:-

(a) the test missile with the normal values of yr and ny and

(b) the test missile with y4 = 0 but n2 unaltered. This is a hypothetical
case but provides an interesting comparison with oases (considered later)
of feedback from accelerometers situated away from the C of G of the
missile.

We assume a fixed value for the angular velocity feedback constant
-b, say the value 0.09 see as used earlier to give critical damping with

a lateral acceleration feedback constant f = -6.3, i0r5 red ft i seI Qm may be written as (I- y~f)[p 2 +2 um  p + %i2 ] indicating an
unlamped modified weathercock frequeno it ' . and a damping ratio 'm.
If Um > 1, Qm may be written as (i- y~f) p+a ] [p.a2] indicating an exponential

- 28 -
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weatheroock response with time constant 1/a1 , and I/a 2 . (a1  - 2 if

um  1). Regarding the pair aI and a2 as functions of the acceleration
teedbaok oonstant f we may indicate any ohange of branch in these funotions
by further subscripts e.g. a3 and a4.

Table V gives the values of um, um or the pairs (a1 ,a 2 ) or (a144)
as funotions of f for oae (a) above.

TABLE V

Case (a). yr and n. normal

't- +2 c 1 -1, i 2 1,

r~ds It "  ec+ 2 seoe sc "  se "a sea "  se "I

-0. :05l5 0

-0. 0005 0.20 14.2
-0.0002 4.70 12.5
-0.01 8.25 10.3

0 C.6 0.94 I2 t
o.00OI 12. 1 o 99t,C. o002 13.7 8o. 30.0005 19.3

C. 00 13. 0. R43
o. 04066 21.8 6.875 j
C. 01 22 76.0
0. DOXI 20.5 156
0.--)125 aI 1 nge of mode
0. 00143 I 20.75 :-147

Table VI gives the corresponding dnta for Case (b).

TAMLE VI

Case (b). Hypothetiocl Case, yr = 0, n normal

f a 2

rads ft " 1 sec "2  sc '1 i  sec "1  sec " I

-0.0002 3.60 16.3
-0.0001 6.72 13.2

0 10.9 0.918
0.0005 1 16.4 0.620
0.001 17.8 0.575
0.002 26.8 0.391
0.004 36.0 0.306
0.01 55.7 1 0.222
0.02 78.2 f 0.189

Figure I shows the root pattern of Table V in graphical form.
From this diagram it is olear that there is a limited range of f (0 to
0.0008 rads ft-I seo+2 ) for whioh um is approximately unity while lm
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increases from 10 to 25 sec "1, i.e. in this range f is a frequenoy control
and it is as such that it is normally used in modifying the weathercock
characteristics of missiles. Outside this range of f however the system
rapidly goes unstable developing negative real roots for f< -0.000515
and f> 0.00125 rads ft-i see

Figure 2 shows the corresponding root pattern for Table VI . Here
the pattern is very much simpler and for positive values of f (i.e.
negative feedback, c% increases indefinitely but um tends to zero as f
increases).

The .cceleration response of the missile to a step n r,, the
control surface demand signal, is of the form shown in Figure 3(a).
There is an initial "kick" due to the suddenly applied control surface
lift (the yt-effect) followed ultimately by a steady state acceleration
which is opposite in sign to the initial kick of acceleration.

The magnitude of the initial acceleration kick is given by

y4 
(39)

and therefore it increases as f is increased from zero.

The magnitude of the steady stattc "tcceleration is given by

Ux x4 (40)
--T_ (b + 'f U) r

and this decreases as f is increased from zero.

Using the test missile as an example Figure 3(b) shows the magni-
tude of the kick, Figure 4 the steady state acceleration and Figure 5
the ratio of (kick)/(steady state) acceleration. Also shown on Figure 4
are some simulator rcsults which indicate the degree of agreement between
theory and simulator -tnd act as a check on the operation of the simulator.

In the case of the hypothetical missile of Case (b) with yr a 0,

n4 norm.al, there is no acceleration kick.

3.32 FeedbAck from a displaced accelerometer

In the previous section the cffects of lateral sceleration feed-
back on the reqponse of the missile were considered. Since the aocelera-
tion kick and the steady state acceleration are of opposite signs any
system using a high level of acceleration feedback in order to attenuate
(or limit) the steady state acceleration will result in accentuated accele-
ration kicks -nd this is very undesirnble.

The difficulties over the acceleration kick and the stability of
the system may be overcome !s follows. The results of the previous
section are based on feedback of lateral acceleration i.e. feedback from
an accelerometer situated at the centre of gravity of the missile. If
however the accelerometer ir not at the C of G but in suitably displaced
from it then the undesirable yy-effects may be removed. In effect the
accelerometer is situated so tat it does not register the acceleration
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due to the oontrol surface lift. The feedback is then as though y4 = 0
.although the forward channel still has the normal y terms. Since the
control surface lift occurs at a point at a fixed distanoe behind the
C of G there is a corresponding point ahead of the C of G at which the
angular acceleration of the missile contributes a lateral acceleration
component which is equal and opposite to the lateral acceleration due
to the control surface lift. Thus the output of a lateral accelerometer
at this point ahead of the C of G corresponds to that measured at the
C of G of a hypothetical missile in which yr = 0 but n4 is unaltered
(i.e. Case (b) of previous section).

For an accelerometer situattd d feet ahead of the C of G of the
missile the accelerometer output is

a + ; or h" + d; (41)
P P

Now from equations (2) and (3) we have the transfer functions

2 2-xr h p yr + xrp - UXv

-r Q ~ 2
-Xv

where = 2+ P (-Yv-n + Ux .

Thus the transfer function for tho accelerometer output is

2 (yr +dn) + P (x, -dx )-Ux r(v

and the troublesome coefficient of p2 in the numerator may be removed
by having

N,d .7- = - a :1 (' = 4. ft for the test missile) (43.)

This gives

P (xy + 2 )+Ux (~'t Q (44)

so that pzviding

x + x Xvand Ux
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are of the same sign as will be the case with missiles of the type *

considered, then the output of the accelerometer is always of the silp
appropriate to the steady state value and if used in a feedback loop it
can consistently give negative feedback.

Figure 6 shows simulator records for the output of an accelerometer,
as a function of its distnce ahead of the C of G of the missile. The
acceleration kick is seen to decrease in amplitude and then change sign
as the distance ahead of the C of G increases.

For d Y4/n the initial acceleration kick of the missile is
given by

2h

1yfdfn =y (5

which is independent of the amount of feedback (f), while the steady
state acceleration !z given by

r2 h tUxv ( 6

v nvX r (b+ fU) x (46

which is independent of the position (d) of the accelerometer.

With a displaced acceleromter the control equation becomes

Reference to the weathercock characteristic expression Oc given
in equation (34) of Section 2.9 shows that in this case the weathercock
characteristic exTression may be written as

(48)

For d = - /n and b - 0.09 sea in the test missile this gives

=(p 2 +2uD~ wDp +w 2) x (Constant) (49)

where OD/2% the modified weathercock frequency and uD its deaping ratio
are as given in Table VII.

/TABLI VII
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TABLE VII

f wD u D

rad ft
1 sec2  seo I

-5.2 10- 4 Change of arde
-5.0 10-4 2.01 4.96

-1-o 9.60 I.04
-10-5 10.6 0.95

0 10.7 0.94
1o-5 10.8 0.92
10 - 4 1.7 0.86

10-  ' 18.3 0.56
10 - 2  

i80 0./
48*0 0.24

o- I  149 0.16

These results are plotted in Figure 7 where they are compared with
the results for pure acceleration feedback (A) but for y4 = 0, nr
normal. There is close correspondence between the two sets of curves
and in fact, within the plotting accuracy the damping curves coincide.
This illustrates the point that by suitably displacing the accelerometer
the advantages of a hypothetical missile in which yr = 0 but nr is normal
may be attained.

In all the work which follows it is assumed that the accelerometer
is situated at a distance d = - Y /nr ahead of the ( of G of the missile.
In practice the exact distance would not be critical since a small increase
or decrease in the acceleration kick when the acceleration is fedback
would not be important.

3.33 The effects of time lp,,s

An indication of the effects of instruments and control surface
servo time lags on the operation of a limiting system based on accelera-
tion feedback may be obtained as follws

If the total control surface demand signal (%) consists of a
guidance demand (.), a rate-of-ym feedback demand (br) and an accelero.-
meter feedback demand f(h + d;) then the control surface angle is defined
by

' + br + f (p2h + 2*)
4 1 + (50)

where, T is the time lag of the control surface servo.

-I The same relationship exists if the servo time lag is zero but
each of the component demands has a time lag of Tx seconds.

This control relationship leads to the following characteristic
equation for the missile motion.
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(A p3 +B p2 +C p + DI){j u 0 (51)

where AI = T
B1 I Tx (Y , + )

C1 = "Yv - r bn C- fx 4 + T. (Un + X,,)

D1 = Unv + xrv +.bxr + X4v

for d = - In.

Writing this equation in the form

[p2h1

2 v
(P+ )(p2 +2ux pcox j) + or =0 (52)

and evaluating t, u and a for the test missile we obtain the results
of Table VIII when b 0.09Xseconds and f = 10- 3 rad ft1" sec2.

TAFEL VIII

x x
sec Irad sec-  - sec 1

0 13.3 0.56 -

io-3 18.5 0.55 98.0
1o-2 20.3 0.52 S0.8

510 -2  20.3 0.14 16.2

710 .2 18.8 0.074 13.5

10"1 17.2 0.02 11.3

The system remains stable as Tx increases, the frequency remaining
approximately constant but the d~aping ratio tending to zero. The damping

ratio does not fall appreciably until the time lag T. exceeds 10
milliseconds. This loss in damping may be partly regained by an
increase in the amount of rate-of-ym feedback - i.e. an increase in b.
Thus the general impression is that if the rate-of-yw feedback is chosen
to give adequate damping in the presence of the time lags then these lags
should not be a serious handicap in applying the method.

The general trend of Table VIII is borne out by the simulator records
of Figure 8. These records show the responses of the missile to step
demands of C for various values of Tt (inserted on the simulator as a
control surface time lag). The feedback gain of the acceleration terms
(f) happened to be greater in these records than that assmed in Table VIII
being 0.0055 rad ft-1 seo2 instead of 0.001 rad ft-1 Sec 2 . The decreasing
negative kick in the records of Figure 8 is a direct consequence of the
increasing time lag in the control surface servo.
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*3.34 Multiple acceleration feedbacks

Up to this point the acceleration feedback gain has been denoted
by f (in rads ft' sec2 or degrees per g). In the acceleration limiting
systems there are several possible types of acceleration feedback which
may be used in different ways for different purposes, e.g. feedback of
pure acceleration or feedback of the output from a displaced accelerometer
for the rurpose of weathercock frequency modification or feedback from a
displaced accelerometer for the purposes of limiting. To distinguish
between such feedbacks the feedback gain in a system using
acceleration feedback for weathercock modifications is denoted by f (in
rads ft-1 sec2 or degrees-per g) whereas the feedback gain in a system
using disoontinuou 2 acceleration feedback for the purpses of limiting

is denoted by F (in rads ft"1 sec2 or degrees per g). Both types of
feedback may occur in the same system.

3.4 Threshold feedback from a displaced accelerometer

Negative feedback to the control surfaces from a forward displaced
accelerometer produces an attenuation of the steady state acceleration
without accentuating the ycakick of acceleration and gives a system ;wrth
a range of stability approximating to that of a missile with y4 = 0. If
the feedback is only operative if and when the acceleration exceeds a
specified value then the attenuation effect becomes a limiting effect.
Figure 9 shows in schematic form a limiting system based on this approach.

Whenever th,.- output from the displaced accelerometer (Ep . d*)
becomes more positive thrm a fixed positive level Tc then the threshold
circuit (I) feeds back to the control surfaces a demand proportional to
the excess [h - TI. System (2) operates..in a similar manner to
feed back a demand proportional to [ -'4 - d*] whenever the accelero-
meter output is rore negative than -T6. Oily one of these feedback loops
can be in operation at any one time. In operation the missile will
respond to the input demands G until the accelerometer output indicates
excessively lArge accelerations (defined by +To and -T.) when the appro-
priate feedback loop comes into operation to reduce the demanded control
surface deflection r and so attenuate the acceleration response beyond
the e. levels.

Figure 10 shows simulator records for this type of limiting system
as applied to the test missile with the weathercock modification to give
critical damping, (i.e. b = 0.09 see. f = -6.3 10-5 rad ft"1 seo2). The
limiter accelerometer was situated -Y /n = 4 ft ahead of the missile
C of G. The threshold levels -T were sit to correspond to steady state
accelerations of ±1Og. In response to step control surface demands (4.)
the missile acceleration (R) and the wing incidence (0) were recorded
for various values of the fedback gain (F). The wing plus body lift
(W, measured in g's) is given by -0.57 0.. It will be noted that in all
the records the steady state values of 1 and W are the same, as is to be
expected for a neutrally stable body-win combination. The control
surface lift (R, measured in gts) is the difference between 1 and W and
is therefore clearly in the form of an impulsive response whe the demand
( ) is applied followed later by another impulsive response when the
feedback suddenly oories into operation.

Figure 1i shows the steady state value of S or W (deduced from the
simulator records) as a function of the magnitude of the control surface
demand and- the feedback gain. There is no absolute bound to the aocelera-
tion, only an attenuation of the excess of acceleration over the. lOg
level, this attenuation increasing as the feedback gain is increased.

- 35 -
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uu4 If the control surface has a fixed traverse, say 220, then the
steady state acceleration reaches an absolute bound, which is dependent
on altitude, velocity eto, when the input control seTfaoe demand exceeds
-2OO. This effect is indicated on Figure 1i.

The rather indefinite limiting obtained with this system may be

greatly improved by the method discussed in later sections.

3.5 The monitored diode s_stem of acceleration limitini

. The feedback from the displaced accelerometer can be used more
effectively than as described in the previous section. A system is
proposed which is a combination of the two systems mentioned so far.

(a) The current method of using diode clippers on the input demands
for control surface deflection which gives sharp limiting but to a
level dependent on the aerodynamic parameters, and

(b) The feedback system of the previous section which does not give a
sharp limit but is less dependent on the aerodynamic parameters.

If the output from the displaced accelerometer is fedback and used
to monitor the level at which the diode clippers work then a system which
gives sharp limiting and is less dependent on the aerodynamic parameters
is obtained. If the sense of the feedback is such as to decreise the
magnitudes of the biassing voltages on the diodes then, as and when the
amccelerometer output tends to overshoot the values set by the threshold,
the magnitudes of the diode voltages decrease to the value at which the
ultimate acceleration is very nearly equal to the value defined by the
threshold circuit. In this way the maximum lateral acceleration does
not increase appreciably even if the aerodynamic stiffness of the missile
increases. It is an import.,nt requirement that if the aerodynamic
stiffness decreases then the ultimate acceleration should not be appreci-
ably less than the design limit or the missile is being used inefficiently.
The effects of decre,"ing aerodynamic stiffness ay be countered in the
above system of limiting by making the original diode biassing voltages
such that, at the least aerodynamic stiffness expected, the full design
acceleration is achieved and the feedback system will keep the accelera-
tion down to this figure a the aerodynamic stiffness increases. The
smaller the margin that has to be allowed for this purpose the better since
the amoumt of correction to be applied by the feedback system increases
as the original biasses are increased in magnitude.

Figure 12 shows the system in block schematic form. The two thres-
hold blocks of Figure 9 have now been drawn as one block since in a practi-
cal application the threshold levels +TO and -T O could be defined by a
pair of diodes as on Figure 13. The usual diode clipping or limiting
arrangement is shown but in place of the usual D.C. biassing voltages on
these diodes we have the output voltages of a pair of summing amplifiers.
One input to each amplifier is a constant D.C. voltage so that the critical
bias on the diodes may be set to give the designed acceleration for the
lowest aerodynamic stiffness to be expected. The voltage output from
the displaced accelerometer passes through the threshold system and is
then applied to the input of the biassing amplifiers so that the output
voltages from these amplifiers decrease when the accelerometer output
breaks through the threshold system. Figure 13 gives a detailed cirouit
diagram of the arrangement used in the simulation. It is probable that
this could be simplified for a missile application.

3.51 Analysis of the monitored diode system

This analysis is directed towards the determination of appropriate
values of the initial diode bias expressed in terms of the equivalent
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control surface demand angle (B degrees), the threshold levels (2T0 in g's)
and the gadn (F degrees per g) in the feedback loop from the displaced
accelerometer.

Since this is i steady state analysis we may make use of the
approximation tWit the wenthercock modifying feedbacks (br and f ) have
a negligible -ffeot on the steidy state response of the tests misbile.
(See Section 2.9).

The twin feedback loops,one for excessive positive accelerations and
one for excessive negative nccelerations, see Figure 14(a) may be analysed
as one feedback loop if the correct sign convention is adopted.

Let B, To and F be positive quantities. In the steady state
relationship

p-hp k of. eqn. (5)

kh is a negative number. Thus if the input control surface demand Z > B

we have

4 B + F + T )

while if 4 < - B we have

B - F (j - T0)

Both of these relationships conform to the expression

kI1 = - F (l1pI - T3 (53)

which may te represented diagramatically as in Figure 14(b).

(a) The choice of diode bias B

The v'due ef B is given by the value of 4 which gives the required
acceleration under the conditions of least aerodynamic stiffness. This
is given by

where IRi = To and Ikh1 has its lowest possible value.
pY

NOW kh.I v

(146.6)(15) ft sec- 2 rad 1 for the test missile.

These figures are for maximum altitude where Jkhaq i a lowest value.
If in addition we allow a (0.75) times reduction in lkh| to allow for a
possible fall in the expected velocity we have

1khmiDn * (0.700(46.6)(15) ft see2 r4

= 0.86.g per degree.
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Thus if the design acceleration limit is given by To u lOg the
largest value of 4 ever required is 10/0.86 = 11.6 degrees. Therefore
the diode bias B should be such that

B A 11.6 degrees (5)

(b) The feedback loop

When the aoceleration exceeds To we have from equations (5) and (53)

B FTc

'~p -- (in gs) (55)

The limiting acceleration therefore tends to To as F tends to
infinity.

The monitored bias on the clipping diodes is

B - F (Wi I - TO) (in degrees)

B + F'Pc
or I + FjkhI (in degrees) (56)

Tc
and this tends to - degrees as F tends to infinity.

Equatians (55) and (56) shnw thit the monitored bias on the diodes
is multiplied by Ikhl we get the effective acceleration to which the system
is limiting.

The difference between the effective acceleration limit and
the desired limit viz. the threshold level To is given by

B +FTC
To +F' (in g's) (57)

o -BjIor + Dkhj (in g's) (58)

Now this differece in the absence of feedback i. (To - B&iJh) in
g' , so that the feedback reduces the difference between the effeo ive
acceleration limit and the desired limit by a factor I + Fikhj.

Figure 15 shows the form of the steady state acceleration as a fUnc-
tion of the input oontrol surface demand Z and the system constants To,
B, F and kh. This figure differs from Figure 11, for the direct feedback
case in that for a given feedback gain F there is now an absolute bound
to the acceleration.

- 38 -

r SECRETJ



-~:iSCRET

Report No. G.W.15

(0) The choice of feedback gain F

Assue as the design criterion that the limiting acceleration has
to be within 10% of the design value over the expected altitude and speed
range.

We have for the limiting aoceleration

h l P + I.-- -- o f . eqn .(55)

I%:v  Un v + xrv
N6 of. eqn.(5)
k h

at the design altitude and velocity.

If ± nd 0' denote the rqtio of xctu-tl velocity and air pressure to
the values under the design conditions then using equations (23) we have

J in V+ a'x r
.1 _ Unv +Xrv

n

for the test missile since xrv/.2 is at mst I0% of Unv/f . This approxi-
mation i* justified for as will be seen below we require F > 0.005
rads ft-" sec2 whereas the maximum value of Ji/khI over the range of vari-
ables considered is of the order of 0.0005 reds ft 1 sec 2 . Thus a i0
approximation in /kh gives at most a I% error in the calculated limiting
acceleration.

Therefore
B +.-FTo

p F + - 1-

giving

151+ Imin
axi nv~~~a

mx, say
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Hence

- Invi
= ()0min (Lmax (59)

( -x) Ixvr I

and for the altitude and speed range defined by

I < o < 10

0.75 < P < 1.33

this gives the results of Table IX

TABLE IX

F x

tad ft I sco2

0.7,11 0.95

0. 0,5 0.9

0.0023 0.8

Therefore to hold the limiting aoceleration within 10% of the design value

we require F > 0.005 rads ft-I sec2 .

(d) The overall performance of the monitored diode system

We consider the problem of limiting the aoceleration of the test
missile to within 10% of a 10g limit.

From P ra.(a) above the diode bias B should be N 11.6 degrees to
ensure that iOg is reached under -Ul expected flight conditions.

From Phra.(c) above the feedback gain F should be>O.005 rad ft " se
to ensure that the acceleration limit does not vary by more than ±10% froi
lOg.

Suppose then that

To w 1og i.e. 320 f/ec 2

B = 15 degrees
P = 0.006 rad ft 1 se02

equation (55) gives the limiting acceleration for the design condition s10.5g. For exactly lOg equatir (55) shows that for the design conditionsTo would have to be 303 fVseo'.

4C0.
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As a fuller illustration consider the application of this limiting
system to the test missile under th(! following conditions:-

Design altitud = 30,000 ft

Design velocity 1 ,500 ft/sec

Design value of nv = 1/I5 ft " 1 sec "1

F = 0.006 rad ft "1 sec2

Tc = 303 ft sec - 2

B = 15 degrees

Possible departures from these design conditions may be defined by

1 < a- < 10. where T is the ratio of actual air pressure to the
pressure at the design altitude

0.75 < 1A < 1.33, where P is the ratio of actual velocity to the
design velocity

0.5 < X < 2, wher., ) is .the ratio of actual nv to the design n,.

The limiting accelrations "s Eiven by equation (55) are as quoted
in Table X.

TAFLE X

1 10
0.75 = 3 = 0 . 75 V =1. 33

= 0.5 10. 3F, j 0. 5F 10.7g 10.7g

= 1.0 9.Ag iO.2g 10.7g 10.8g

= 2.0 8.2g 9.1g i0.4g I0.6g

It will be noted that for the design value of nv (i.e. = 1) the
limiting accelerations over the operating altitude and velocity range,
are all within the desired 1%% of the design value of lOg. The departures
from the desired lOg Ilrit are not great even when the value of the design
nv is changed by 2:1 (i.e. ) = 0.5 or X a 2). The limiting acceleration is
therefore effectively independent of the aerodynamics and flight conditions
over their probable r-nge of variation.

(e) Limitation of wing lift

The feedback systems discussed in the previous sections are suah
that limits are set to the total lift T. In later sections methods of
limiting the control surface lift R are described. Ideally what is
required are individual limits to the wing lift and the control surface
lift. Unless the departure from neutral stability is very great W '. T

* and the limitation of W rather than T is in the nature of a refinement.
For completeness however we now consider the possibility of modifying the

- total lift limiting system so that we get a wing lift limiting system, i.e.
we consider the problem of limiting W directly and in the presence of a
changing missile stability (e.g. changing H or nv ) by using feedback from
a displaced accelerometer.

- 41 -
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In the steady state we have

of. eqn. (5)v

But the feedbaok system limits h" so thnt

B + FT o
Lim Jhr = of. eqn. (55)

rP + I/h

Thus

Lin vi k B + F T

h F + I'/kh

But k h is negqtive, therefore

Lim jI vj B.k FT-0

on substituting for k from equation (5) this gives

(B + F To)(xr - Un.)I
Lim Ivi =  F v, - - x r v  (60)

Lim vlj is independent of nv, i.e. independent of H, if

[F UXv - Unv- x ]rv 0

i. e. if F (61

with this value of F

y,. (B+,

NO, W . . - of. eqns,. (i) n (12) I
V!
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Therefore

v U "aJ Yv (

SIBy + Tl since yv >> (63)

Thus Lim I'II can be made independent of nv provided F can be programned
so that over the altitude and velocity variations expected F = /yr
of. eqn. (61) or more generally F = /y ' 01 yr . The limit
achieved, I ByE + T0 l, is a function of y and so will vary greatly over
the altitude and velocity range, being ji Vyr + T I at anything other
than the design altitude and velocity. Consequently B and/or Te would
also have to be programmed with altitude and velocity and the system
becomes very involved.

3.52 Simulator r-sults for the monitored diode system of limiting

Figure 16 shows the input-output rclationship for the threshold system
used on the simulator. 'lis figure shews the voltagc developed at the
monitored diodes as t function of tht: voltLg output from the accelerometer.
3 is defined -s the slope of the linenr portion of the, curves in degrees
per ft/sec 2. In operation the system is such that the operating point on
these curves is on the knee of the curves since the accelerometur output is
only slightly greater than the, threshold level. Thus the effective feedback
gain (F) is less than that given by th: liner slope of th curves (U). In
a practical a rlic-ttion of this, or a similar system for the threshold
system. a calibration would hav, to be preprred giving the effective feed-
back gain as - function of th, systemn prxmeters. In the present simulator
work 3 (which is closely related to F -nd has the same dimensions) has
been used ns the parameter descriptivw of the feedback gain of the system.

7he responses of the test missile with the monitored diode system of
limiting havc been det-ained on the simulator. A large step demand for
oontrol surface angle was used as input -nd the resulting responses in
total lift T -nd wing lift W were obtained for a feedback gain range of
1/730 < 3 < 10/730, and a-static margin shift range of -9" < H < + 9".
The T-records are given in Figure 17 and the W-records in Figure 18. The
difference between T and W in any given case is the control surface lift
R. It will be noted that W is limited with negligible overshoot so that
the overshoots on the T-records are the transient control surface lifts R

The steady state ratio Ws/Ts (see Section 2.8) is independent of
altitude, velocity and feedback grin but is dependent on the static margin
change H. We ha-ve

IT5  ~Yr T l of. eqn. (24)

and for the test missile this is approximately

I 3-5 where His'in inches (64)
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Figure 19 oompares this approximate theoretioal evaluation of" Ws/Tm
with the simulator results of Figures 17 and 18 and the agreement is reason-ably good.

The steady state values Ts nnd W3 given by the records of Figures 17
and 18 are plotted as funotion of :3 ,,nd H in Figures 20 and 21. It will be
noted that Ts tends to become less dtpendent on H for large values of 2.
For WV however Figure 21 indicates thkt Ws is independent of H for 3 =
0. 0059 rad ft "1 se02 . Now in Section 3.52 (e) it was shown that VIs should
be independent of H if the feedback gain F .1/y m 1/800 rad ft i sec 2 .
A very approximate indioation of the intcr-relationship between F and
is therefore %t = 4.4 F and this is consistent with the ooncept of the
system operating on the knee of the threshold ourves.

Figure 22 shows the absolute bound to Ts given by.the monitored diode
system. For v-rious values of 3 the system was set by TO to give a nominal
IOg limit and the actual limit obtained was plotted as a function of the
input demand signal. Comprison with Figure 11 which gives the oorrespond-
ing results for direct fecdbaok of aceleration shows the advantages of the
monitored diode technique. Figure 23, which shows various limiting systems
applied under identical conditions, further illustrates the superiority of
the monitored diode system.

3.6 A oomptrison of the limiting systems

The m-Ldmum wceleration-or lift of the missile must be limited but
we should not compare limiting systems solely on the efficiency of their
limiting action since an important consideration relating to the overall
performance of the missile system (e.g. estimates of miss distnces) is
the "effective point" in the system at which the limit occurs. In general
terms a non-linear clement is being introduced into the system vnd the over-
all perform-nce of the system is dependent on where in the system this non-
linearity occurs.

An important example of this is rrovided by the case of a beam riding
missile. As a result of radar beam jitter (of. Section 2.10 and Refs. I and
2) the legitimate guidance and control signals have pronounced noise or
jitter components. Non-linearities in the missile control system such as
the acceleration limiting system, may result in rectification of the
"legitimate control signal plus noise" and give as a consequence an effec-
tive distortion of the legitimate signal. For example, if the legitimate
signal is a steady demand for 7g acceleration and the noise component
superimposed on the legitimate signal has peaks greater than that correspond-
ing to 3g, then lateral acceleration limits set at log will, because of the
asymmetrical clipping of the noise peaks, result in a mean acceleration of
less than 7g.

The higher the sina:l/noise ratio at the stage when limiting is applied
the smaller the distortion of the signal. Thus it is preferable to apply
the limiting after rather than before any noise filtering that may be
present. The response of the missile to its control surfaces is such that
it provides a filter against the higher frequencies so that ideally we would
like to have the missile develops acceleration as though there were no
limits and then by some means only accept those values less than a specified
amount. With such a system we would have limiting but other than that no
distortion of the legitimate signals. "Acceleration clipping" may be used
to describe such a system. In practice we cannot limit the aoceleration
in this way since the only method of manoeuvring the missile is by moving
its control surfaces and accepting the subsequent acceleration.

*1 -44-
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Although the different limiting systems discussed here have been
applied to the same physical point in the system, namely that point in the
system at which the control surface.demand signal appears, they are depen-
dent to different degrees on feedbnok of the missile acceleration and thus
will give results intermediate between simple limiting of the control
surface demand signal and ideal acceleration clipping. Figure 24 illustrates,
in an approximate fashion (i.e. neglecting the closed loop nature of the
missile uidance system) the limiting action of various systems. We assume
Curve (a) to represent.the acceleration developed by the missile during the
course of some manoeuvre. If t Ama x represcnts the desired maximum accelera-
tions then Curve (b) illustrates the ideal case of "acceleration clipping" -
being simply Curve (a) between the vlues t Curve (o) shows the
type of acceleration response to be expected h simple limiting of the
input drnand signals and rate-of-yw feedback to achieve critical damping.
The cceleration builds up in a critically damped fashion to the limits
± A,.x . Curve (a) is clearly less desirable than Curve (b) since the
acceleration build up to the limits is slower. The acceleration feedback
systems of limiting give acceleration responses which are intermediate in
type between those shown in Figure 24 Curves (b) and (c). The build up of
acceleration is still cxponentinl is in (c) but now builds up to a value
greater then Amax and is only %rrested in its build up when the threshold
system is oper-ted at or ntar A-1, x. The build up rate of acceleration is
still less however than in case (o).

It is of interest to deternln- which of the limiting methods dis-
cussed in this report most nearly apreches the ideal acceleration clip-
ping concept. From E.gure 2h. it v.uld seem reasonable to assume that a
measure Of the R.M.S. acculration would give a criterion by which the
different systems may be comp%red. The best system will have a larger R.M.S.
value than any of the othier systms, tending in the limit to the R.M.S.
value given by an ideal acceleration clipping system.

This problem has been studied on the simulator using the test beam
rider with a typical radar jitter signal (of. Section 2.9 and Refs.2 and 3).
For each of the limiting methods discuased earlier the R.M.S. wing lift
has been determined when the nomirl limiting lift corresponds to +10g.,
In each case a range of values of nv, or centre of gravity positions, has
been explored by assuming H, the change in static margin from the design
static margin, to be -9", 0 or +9".

Case (a)

The test beam rider with typical jitter signals.
No acceleration limiting.

Case (b)

As for (a) but with ideal "acceleration clipping" at ±10g.

Case (c)

As for (a) but with the input control surface demand signals limited.
For each value of H the limits were adjusted to give a ±Og limit to
the acceleration.

Case (d)

As for (a) but with the monitored diode system of limiting.
System set up to give a limit of -10g with a feedback gain of
F = 0.0055 rad ft- 1 se 2 for H- 0.

A- 45 -
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Case (Q)

As for (a) but Y.1th simplt threshold fuedback of acceleration.
Gains, thresholds etc. as for (D) but with the feedback signals fed
directly to the control surf-ice dimrnd signnl instead of onto the
diode clippers.

Case (f)

As for (e) but ith q prelimitcr .. . mcchnical stops on control
surface set to pive thr desired limiting acclcration under the condi-
tion of least a, rodynrnic ntiffncss in the ringe -9" < H < +9".

Figure 25 conures in graphic-1 for-i th, results obtained for cases
(a) to (f). From this figure it is char that th,. monitored diode system
of limiting is th . n, ,xr(nt :r, roach to thc ideal case of acceleration
clipping.

3.7 Conclusions on total lift liniting

The monitored diod,, system, tmrlryinr threshold feedback from an
accelerometer situatvd a distnc .T'rxt . tely uqual to -Y4/ninhead of
the centre of gravity of tht missil:, giv< s -. mthod by ;ich he total
lift of the missile maiy bt litmit, 4.

By a suitabht chnice (f ft(db',ck g'inn cto. th<. total lift r iy be
constrained within - srcifi,.d 1, ofntg< 1 ,, giv,-n value ov, r -a given range
of vxiiations in altitude, v, lccity r.d misil, st!atic rnargin. For zxnple
consider a tyrical mfi.sun-r'r.g, 1,1y rissil,: cj-.r, ting ovvr a 10:1 air
density rangt a.d - 0.75I:10.33 v'rncity r.nge. The results of Table X
page 01 indict,. that -, f ,.thck i-in -f th.- ordur of 0.006 rp.ds ft 1 sece

together with -rrorpriat bi-,s._ nd thr nsholis givs -it most an 8% variation
in the lift li.it ov r this Ilnsity -n] v locity range. Further, a 2:1
chage in the NV dkriv-,tivw rrodux. s, in cr.junction vrith the snme density
and velocity v-ariati-ns, -, chanFc -f "at rrst 2'/: in the lift limit.

This system of limiting has dvnta s ovcr all the other systems
assessed and most nearly a Froximates t- the idLal case in which limiting
occurs as tht- fina] Lvnt in th.. develeement of the missile lift.

4 The Limitation of Control-Surf-'.ce Lift

It is first shcyn th-t if a missile h-*ts a neutrally stable body wing
combination then the argular -acceleration of the missile prciidzs a good
measure of the peak control surfaoe incidence and hence of the peak
control surface lift. This leads to proposals for limiting the peak
control surface lift by suitable feedba.ck of anular acceleration. The
proposed system is then studied in detail. Further sections discuss the
performance of this system when the neutril stability condition is not
satisfied.

4.1 Angular acceleration -s a measure of peak control surface lift

In Section 2.6 it was shown that the relationship between the control
surface incidence (Or) and the missile angular acceleration (f) for
neutrally stable body-wing combination "as given by

p2 4 P2 ~*X~
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In order to estimate the conditions under which the angular accelera-
tion p2 * may be used as a measure of control surface incidence 'r we
oonsider the above transfer function as it applies in the different
frequenoy ranges a < 1; a > 1; >>1.

For frequencies such that < I the constant term in the numerator
is important and the angular acceleration is not a good measure of the
control surface incidence. §owever for such low frequencies the oontrol
surface incidence is wall, I'r/. being of the order of 1/100 for the test
missile.

For frequencies such that u > I then

P +(-y..-- _

P2 pnr. + x4

so that if (-Yv - nr (1 - a/a) Fr/U] and v4/ng are of the same order
of magnitude then the angular acceleration gives an approximate estimate
of the control surface incidence. The weathercock frequency of the test
missile is such that it lies in this frequency region so that the values
of the control surface incidence will be appreciable in this frequency
region.

For frequencies such that 2 >> I then

Ori
p2#' nr

so that the angular acceleration is proportional to O nr i.e. the control
moment. Assuming a constant moment arm we have angular acceleration
proportional to control surfFtce lift. It is in this high frequency region
that peak values of control surface incidence and control surface lift
will occur since the frequency of control surface motion for w >>I is
greater than the weathercock frequency of the missile and oonsequently the
control surface incidence is not reduced by a rotation of the missile as
a whole.

It follows that the missile anul ar acceleration may be used as a
measure of the control surface lift (or incidence) when this lift beoomes
very large.

The similarity in the responses of the control surface incidence
and the angular aoceler-ition to a step in the control surface deflection

for the test missile is shown by the following approximate solutions.

e, sin (10 . 850 )

((
and -151 " •" sin (tot + 1050)

4 47 -

SECRET



SECRET

Report No. G.1.15

If the body-wing combination is not neutrally stable then the
close relationship between oontrol surface incidence and angular
acceleration breaks down. This oircumstance is discussed later in
Section 4. 5.

4.2 Proposals for the limitation of control surface lift

The main proposal is to use an angular accelerometer to measure
the large control surface lifts and by feeding the output of this
accelerometer back through a threshold circuit and injecting it into the
control surface demand signal so limit the peak values of the control
surface lift. Figure 26 shows thu basic rrFangcment. In effect this
is a twin loop arrangWemnt similar to that used Lor lateral aseleration
limiting. The threshold systei is such that if * > + M then $ - K is
fedback while if T < - M then * + M is fedback, where M defines the thres-
hold level. There are a number of parnmeters which determine the performance
of such a system chief among which are hc threshold level (M deg/sec2),
the loop gain (K deg per d, /sec 2 or sec ) and the levtl to which the
lateral acceleration of the missile is being limited. We are interested
however not only in the limiting action of such a system but also in the
effect it has on the modes of motion of the missile.

In the following sections the attenuating acticn -nd the effect on
the modes of motion of angulnr acceleration feedback without any threshold
system is first discussed. The st'-bility of the system and the limiting
action hven thL threshold is inserted are then examined. Finally the
application of the system under different combinations of circumstances is
investigated.

In discussing the efftcts of this form of limiting on the performance
of missiles it is essential that the mc-thod of obtaining the limiting be
underlined since. the method b,, which it is obtained determines to a large
degree thy effect on tht performance of the missile. Thus w: study the
effect of "threshold fedback of Rngular acceleration" rather than simply
" uddcr lift limiting".

4.3 Feedback of rauular accelerqtion

4.31 The attenuating -ction of anular aoceleratior fecdbwk on
control surface incidence

Prom equation (16) we have

Or= f O(p)4

2
and f=(P)

From Figure 26 we have (ignoring the threshold system)

I; andr
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* Thus

Or f (p) .

8nd, (P) (66)

I - Kt,6() (

If we denote the values of ; 'nd 0 ,t time t O+by and Oro
then these values in response to a step In control surface demand ;2
are given by

__c fo(p) 1 (7
o: , , (67)

42 p .1 - K f 1(p)- i -h

0 t ft() (68)
" L i -K f.(P) 1 -Kn,

whilst the final stLy st.te vluEs -.rc given by

final13t foCp)

r2 p2.o I - K f(p)

(Un, +1x! (1.)xn~) (9

#i

-a - () ) (70)

The initial peak values of 0, and p2 t (at t u0+) are thus atternated
by a factor (i - Knr) but the R J steady state values are indepenent
of the feedback.
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For example if a 10 degree step in 42 is considered then with no
feedback and for nt = - 200 sec " 2 we have

o i°, 
= " 2000°/sec2

while for K = 0.2 sec 2 we have

Oro = 0.25', o = 520/s"0
2

4.32 The effect of angular acceleration feedback on the weather-
cock mode

The influence of angular acceleration feedback on the weather-
cook motion of the missile may be assessed by a study of the appropriate
weathercock characteristic expression.

In Section 2.9, equations (33) and (".), it is shown that if the
control equation is

r, +br + fh + K cf.(33)r
then the weathercock characteristic expression is

Q =  2 (I- _y 4 -Y4 _ ,) + p (-Yv "n bn, - fx _ + Kxr)

+ IN + x + bx v + ,j r.v of.(34)

We consider t,.o, cases:- Case (a). Angular acceleration feedback
only, i.e. K 4 0, b = fO _And Case (b) normal weathercock modifying feed-
backs br and filp (see Section 2.9) and an additional angular acceleration
feedback K f.

Case (a) Angular acceleration feedLack only.

In this case Qc becomes 4 where

QK= P2 (1 -Kn; + p('yv - n + K, ) +  +xrv, (70)

and this may be '.written in the form

QK= (I - Kh [p 2 +2 UK KP +Ia2] (72)

where WK denotes the undamped angular frequency and uK the damping ratio.

Table XI shows how k and uv vary with positive values of K (i.e.
negative feedback of angular aoceferation) for the test missile.

/TALU X1
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TABME XI

K2
a radc'sec

0 10.0 0.10

0.1 2.1 0.24

0.5 0.99 0.51

1 0.70 0. 71
00 0 00

With increasing angular acceleration feedback (K +vO) the weather-
cook frequency therefore decreases whilst the damping ratio increases.

Case (b) Angular acceleration feedbaok in addition to normal rate and
lateral acceleration feedbacks.

In this case the expression for Qc above is directly arplicable. We
consider the test missile. As sh,.n in Section 2.9 the weathercock
characteristics of this missile may be wodified to give an angular frequency
of 10 rads/sec and a daming' ratio of unity by angular velocity and lateral
acceleration feedbacks such that b - 0.09 sec and fa -6.3 10"P red ft-1 sew.
Consider now the effect on this modified missile of angular acceleration
feedback.

Qo may be written as

(i - fy, -Yn) [r 2, 2 u1% p+  21 (73)

where wK1 is the undamped angular frequency and ui1 the damping ratio.

Table XII shows how wKI and uKi vary with positive values of K for
the test missile and the above values of b and f.

- TABLE XII

se 2  rad/sec UKi

0 10.0 1.0

0.005 7.1 0.74
0.010 5.8 0.70

0.025 4.3 0.51

0.050 3.0 0.45
0.10 2.2 0..44

0.25 1.4 0.50

0.50 1.0 0.60
1.00 0.71 0.78
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Figure 27 shows in graphical form the contents of Tables XI and
XII. For K = 0, the effect of tht, rate and lateral acceleration feedbacks
is to inorease the damping ratio to unity while maintaining an undamped
angular frequency of 10 r~ds/sec. The addition of angular acceleration
feedback has the effect of destroying the synthetic damping due to the
rate feedback. For large v-lues of K the tuigular acceleration feedback
completely dominates the others giving hw. ad a n.d.

The operation of the simulator in respect to the weathercock motion
has been checked by applying an input i step in the demand signal _ and
recording the response of the test missile under the conditions of Case (b)
above. Sample records -re shown in Figure 28. Measurements of frequency
and damping from such records give the results of Figure 29 in which a
comparison is made with the thcoretical results of Table XII. The agree-
ment obtained indicates thrtt th, simulator is functioning correctly.

4 33* The effect of angular acceleration feedback on the weave

mode of a beam rider

For the "test bean rider ' outlined in Section 2.10 the control
equation is

I + p To
4 *= - 1+wNp To (h p hB).br + fh p of. (37

where G, To, N, b, f are constants and hB is the radar beam position
relative t6 the space datum.

If we Ww add to this system a component of angular acceleration
feedback (K *) then the control equation becomes

1+ p TO
4o = G Np To (hr- hB) +br +fh1  K (74)

Neglecting the control surface servo delays we may put

This control equation in conjunction with the aerodynamic equation
(i) gives the following characteristic equation for the motion of the
beam rider

~ph1
p

[A' p5 +B, 4 +c, p3 +DI p 2, ' p+] =0 (76)
Ior

L r-
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where

A' (1-y4f- nK) To

B' (i-ye -e) (-yv nr - bn~ fx + N To
C (-yv,-ni -bn~ - fX~ + x +) V+xV +*bxr .U f x) N ToD' = u % v x +bx v  f X Gv To  xr - Gy r.

E' = G To Ux rv +GX c

F' 0 Ux'v

If this equation is written in the form

(p m)(p2 2 u w p + )(p2 +2 u wp ) v] 0 (77)

then the modes of motion may be identified as a oontrolled (or weaving)
mode with frequency w/ 2 % and damping ratio uo and a weatherclike
mode with frequency OT/2K and damping ratio uw -

For the test beam rider the oontrol constants are

G = 0.746 10-3 rad ft- I

To  0.91 see

N 1/20

b 0.09 sec

f -6.3 10-5 rad ft1 sec
2

Approximate evaluation of a, w., u., 0' uW for these parameters
and for various values of K gives the data of Table Xill.

TAELB XIII

K uaU,
seo2  ie&' I rads sec rada/seo

0 2.92 18.5 1.00 2.24 0.51

0.005 23.7 4.7 0.66 2.32 0.62

0.02 21.9 2.98 0.20 2.23 0.83

0.05 21.9 2.46 -0.07 1., 0.85

0.10 21.9 2.03 -0.21 1.61 0.86

' 1.0 21.9 1.00 -0.43 1.06 0.86

Figure 30 shows these quantities plotted against L It win beII

noted that the "weatheroook like" motion (i.u) is very similar to the
weatherock motion in the absere of the main Beam riding oontrol loop
(i, uK1) (see Figure 27) with the exception that the decrease in damping
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with increasing K is now such that u. becomes negative for K > 0. 04 sec2

approximately and the system is consequently unstable. The weave
frequency (%/2r) decreases slikhtly ind the weave damping (u.) increses
towards critical damping as K increases. For K greater than 0.02 see
the weave and weathercock lik, frequencies merge to the same value so
that these descriptive trrms for the to modea have no physical signifi-
canoe for K > 0.02 sec 2 . As ai rt sult of the crossover of the damping
curves it will b, seen, for lo;: valus of K (i.e. K < 0.005 sec ), that
the weave mode is dominaLnt but %t l'rge: values of K (i.e. K > 0.01 sec')
it is the wveath,:rcook-lik., mode which is dominant. Observation of the
system will apparently show it as a systerr. vith a constant frequency
domimant mode whose d'.sing d cr. ,i s as K increases. There may however
be a region in which both .des ar. t.ually weighted and something like
a "beat effect" "rill occur be'.;,f ,n tht tnio nodes. For this effect to
show up K would have to be larg so %s to render the two modes close in
frequency aud yet not so large that one of them is unstable or the other
too heavily dam.ped.

Figure 31 gives a set of simulator results demonstrating the above
effects. It shows, for vrious v:tiucs of K, the responses inf5 as the
missile recovers from an initial latral displacement of 375 f. As K
increases thtsc acceleration records shn',; a dominant mode of motion with
decreasing damring. For K in the r-gion 0.03 to O.01 seci there is
evidence of the "beat effct" as the- anmlitudps of the peaks on the tran-
sient recoveries firstly increas, a.d then dvcrease.

The frequency a n] damping ratio of tht dominant mode as measured
from thr rccrds of Figure 31 rx, show: compared with the theoretical
results on Figurc 30. As is to L. cxpectcd the experimental points ooin-
cide with the thaoretic.d mode of lert dktring.

Figure 32 shows th' comTlut, bam riding response of the missile
for K = 0.021 sec 2 and for ±Dg Il.t.ral accl,_ration limits (simple diode
limiting) in response to a stcr ?islicr,'.nt of the radar beam.

4.4 Threshold fredback of .uJnulJr -tcc(.l, rntion

The immediately :recf e'ding sectiors have indicated how the modes of
motion of the missilt are rtffoct(.d ";:h- n th, -%ngular acceleration feedback
comes into operation. ".7u havu now to study tht behaviour of the system
when threshold feo dback of angular .cceleration is incorporated i.e. as
a system with two zones, one in w:hich there is feedback and one in which
there is no feedback of -angular "cceleration.

The nonlinear control equation is of the form

4D = , + r + + K(78)

-'here KI = K, if H M, (M being the threshold level)

K1 - 0, if M .M
I~p~I

In the beam riding applications rG = G +( - hT( ) as

before. G +Np To p B)a

If the control surface servo lag is neglected r- a r
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4.41 The limiting action of threshold feedback of angular
acceleration

It has been shown in Section 4.31 that linear feedback of angular
acceleration produces an attenuating action on the peak angular accelera-
tion and control surface lifts. If the feedback is only applied when
the angular acceleration excetdz a specified level then this attenuating
action becomes a limiting action, the limit being defined by the thres-
hold level. The greater thc feedback gain the better the limiting action.

Prom Section 4.31 we have that the attenuating factor is (i -Knr).
If the angular acceleration threshold level is IMI 0/sec2 the correspond-
ing level for the control surface incidcnce (Or) is IM/nrl degrees. Thus
if an inut qtep control surfAce demand of 4G degrees is applied and if

1%I > 1/n~l then the threshold system is operated and the peak values
of angular acceleration and control surface incidence (at t = 0+) are
given by

Peak = IY.I, nI s c _p M as Kb (79)

Pe ak Or)~+ ~ deres4 as K 0 (80)
;7. 1 - K :n I  .

Table XIV shows some tyTical results for a step input control
surface demand 2 of 10 degrees arrlied to the test missile.

TALE XIV

Peak Or (degrees) r threshold level

60 30 1.50

Feedback 0 10 10 10

gainck 0.04 10 6.57 4.0 2.7

K sec2  [0.20 10 6.13 3.18 1.72

00 10 6.0 3.0 1.5

Figure 32 shows in graphical form a more extensive set of results.
This figure also compares simulator results with the theoretical results
and indicates a good measure of agreement. Figure 34 illustrates the
responses of the test system with threshold feedback. It gives typical
simulator records for the test missile and the test beam rider.

4..2 The integral of control surface lift (.1 There is some indication from the simulator records (e.g. Figure X4)
that when the peak responses are limited then the width of the peak
increases so that the integral of the peak tends to remain oonstant.
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-4
This has been checked on th simulator by directly recording the integrals
and the results of Table XV were obtained for a feedback gain of K u 0.418
St,2 .

i

TABLE XV

Threshold Level
Angular Control Surf'.%cc Inttgral of Angular Integral of Control
Accelcration Incidncu Acceleration Surface Incidence

2 Dr<,s (;ArIitray Units) (Arbitrary Units)

150 0.75 8 8
300 1.5 10 10
6, 3 13 13.5
90o 4.5 14.5 15

12,-V 15 "14.5
2Y 'or I or 17 16.5

Th..s r, sulto in.lic-!t th-'t th,- intt gr-ls .re only arproximately
constant '.1f-n the lbmitink is not z, v.re.

4.43* Tht, limtinr ction o threshold feedback of an ulr

The limiting iction .tich ta.s :l'ctL when a step of control surface
demand is aprlied his 1:,,n discuss, d. Thc s-ane limiting action occurs
when the inrut is a mor. co= lio'tud function as is shown by the following
uxnrle for th c-,s of th. t rt b::er rider.

Simulator resonsus for th, V 3t bra rider were obtained for
various vluus of angul-r -occler-.tion feedbick gain (K) and threshold
level (M. In ctch c -. thor., w, rc no lateral accultration limits and the
initial disturb-,nc_ -.'-s % 375 ft step displ-cment of the radar beam.
The large step of 375 ft "xas chosen so that a pronounced limiting action
was obtain(d. Snrples of th'es, rtsponses are giver, in Figure 34. From
such responses th' e-ak values of angular acceleration and control surface
incidence v.ere obtaint:d ann tht sc re as shown in Figure 35. The overall
behaviour of the beam rider is very littl, affected over the range of K
variations studied (provided the threshold level is not too low) but the
peak values of angular acceleration and control surf-ce incidence are
more and more efficiently limited P.s K increases.

4.44* The stability of the test beam rider with threshold feed-
back of rnular ncceleration and with lateral acceleration
linits

The ron-linear control equation for threshold feedback of. angular
acceleration is given by equation (78). The system has however, in genera"
a further major non-linearity in that the lateral acceleration of the
missile is limited to a sp-cified value. It is sufficient, for the
purpose of an initial study of threshold feedback of angular accelera-
tion, to assume that the lateral acceleration limitation is obtained
simply by limiting the input control surface demand signal (s)"

Si.e. "4gI - 4L -here 4L sets the lateral acceleration limit (81)

This assumption can be mt.de since the initial studies are confined to a
missile operating at a fixed altitude, velocity eto, The use of feedback
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types of limiting for both total lift and control surface lift is
considered in a later section of the report.

The stability of such a system is of interest. This can only be
determined in association with a particular form of guidance. The test

beam rider is used as an example.

When the threshold level (M) is set at zero then in Section 4.33 it
has been shown that the system becomes unstable when K is greater than
approximately 0.04 sec2 . In the presence of a non-zero threshold level
the gain (K) at which instability sets in is increased and as a consequence
the use of higher gains leads to more effective limiting action. The
onset of instability is aiso influenced by the presence of the lateral
acceleration limits. In a very non-linear system of this type it is not
possible to readily define the stability conditions but some idea can be
obtained by exciting th, system with a large initial displacement (say
300 ft) %nd plotting the values of feedback gain (K), threshold level (M)
and lateral acceleration limits (L) at which instability starts. Such a
plot is given in Figure 36 which shows rapidly ircreasing stability with
increasing threshold level. An increase in the ratio of the exciting
step displacement to the threshold lev1 will give a decrease in the
stability range but since the step displacement used in the test (300 ft)
was very much greater than any likely beam motion that will occur in
practice the results of Figure 35 should not be optimistic.

The general indications are that if the threshold level (M) is in
excess of 1000/sec 2 and the lqteral acceleration limits (L) are of the
order of 5 to 2Cg then feedback gains of the nrder nf K = 0.1 sec2 may be
used without rendering the system unstable.

4.45* The jitter resTense of the test beam rider with threshold feed-
back of anuar acocleration and Wth lateral acceleratlon s

A major disturbing influence on the performance of any beam riding
system is the Jitter componcnt of the guidance information. The general
properties of and a method of simulating this jitter ,to typipal radar
system (the 901 radar set) have been given elsewhere

The same method of simulation has been applied in this case under
similar conditions to determine the effects of threshold feedback of
angular acceleration on a system subjected to Jitter signals. The test
missile is operating at high altitude. If the range from radar set to
target is assumed to be of the order of 30,000 yds then the Jitter, as
defined in Ref.2, is approximately scaled at 60 ft r.m.s. beam motion.

Pigure 37 (a) gives a typical set of Jitter results showing the
responses of the test missile to a jittering beam when iOg lateral
acceleration limits are in operation but there is no angular acceleration
feedback.

Figure 37 (b) shows the same system but with threshold feedback of
angular acceleration (K a O.042 sea2 , X - 6000/sec2 ).

Comparison of these diagrams shows that the addition of the thres-
hold feedback of angular acceleration produces a limiting action on the
angular Roceleration (J) -nd on the control surface incidence (Or). In
addition to this limiting action there is a filtering action on the high
frequency components of the control surface motion but the consequent
smoothing of the missile response is small as is shown by the lateral
acceleration reords nnd the lateral displacement of the missile is virtu-
ally unaffected by the feedback.
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mtnAs ha result of th, loss of dmin in the weathercock-like mode of

motion when the ingul,ir iocol,.-ratlon f-edbaok nomes into operation (seeSection 4. 32) the 1,iter-il %oc(-ler-ttion limiting is slightly less effec-

tive •and "ccelerrtion overshoots of the order of a few percent beyond the
desired limit occur.

A considtr.abl., number cf such jitter runs hqve been made on the
simulator under diff.rt-ztt ccnditiorts nf the threshold feedback of angular
-ccleration. In all cas s the later'il displacement of the missile was
affected only to % ntgligible ,,xtcnt and in effect the only penalty paid
for limiting the control surficc lift in this "wa y is a slight overshooting
beyond the lateral accel(ration limits which stotrts to appear when the
control surface inoid~nce is limited to ltcs than two degrees.

,4.46* Th.. ,ff, ct of thrrshold fpedb'ick of an'ular arceleration on
the tccur-,cy of attack of a bunm rider

It is important th-it tho influence of the prorosed method of limit-
ing the control surface lift on th- -ccurcy of attack of a beam rider be
determined.

A previous report(3 ) h is stulid the accuracy of attack of a beam
rider of the t.r,2 us,!d -is th, t.ast co, , hre. The most stringent cases
tre .ted %:'rc attaks or ,-.cc l.2r-iting t' rgts it ,extreme range and in the
prescnce of radaLr b.'a jitt-r .nd latrr-1 ",c, lerattion limits. A number
of th . test runs of this prviouL r.rort h'.v,: b-en rrreated with threshold
fcedback of angular 'Lccl.r-ixon in or,,ration in order to determine the
influunce. of this feedb-,.ck on the, miss dirtances.

A spt of 150 r-cords of missile disrlacement (h,), lateral accelera-
tion (*), control surface incidt.nc (sr) And angular' acceleration ()
obtained for the following set of jarameters:-

Lateral acceleration limit (L) = iOg. This acceleration limit was
imposed by a simple diode limiter. Te combined use of feedback limiting
for both lateral accflEration and angular acceleration is considered in
a later section.

Target ac-c-lerations = 0, ±t3, -6g

Angular acceleration foedback gain (K) = 0.021, 0.042, 0.209 sec2

Angular acceleration threshold (Y) = 300, 600, o °/sec 2

The general conclusion drnvwn from these records are that the angular
acceleration feedbacks have negligible effect (for this range of para-
meters) on the mean miss distance and on the R.M.S. scatter about this
mean. Apart from very occasional peaks of lateral acceleration which over-
shoot the lOg limits by about 2% during attacks on the 6g targets the
acceleration remained reasonably bounded at ±10g.

Calculation of the acceleration lag of the complete system shows it
to be independent of K and since the miss distance on an accelerating
target is mainly influenced by the "effective acceleration lag" (defined
as the acceleration lag plus the lag introduced by non-linear effects
such as rectification of noise by the lateral acceleration limiting system)
it is to be expected that K would, even in the presence of non-linearities,
have little influence on the miss distance.

The peak values of the angular acceleration occurring in each of the
test rums were obtained and are as plotted in Figure 38. These results
are in good greement with the theoretical peak values given by
equation (79).
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4.47 The effects of time lags

It is important that some estimate be formed of the quality of the
angular acoelerometer required for control surface lift limiting. Non-
linearity in the instrument is not important as we are critically interes-
ted in only one value (that corresponding to the threshold level) but the
effects of time lags in the instrument are very important as is shown bythe fmllowing discussion.

Consider the closed loop system of Figure 39(a) which shows a
missile, a control surface servo with time lag T. seconds and an angular
accelerometer feedback loop with time lag Ta seconds. For this system
we have

1+TR

-K 2 (82)

p2 , = fa) cf. eqns. (16) and (2)

which leads to the transfer function

2. (1+ p Ta) fa(p)
La - (83)

r.d '- 0 +p TO)( 0 + T -K f a(p)

If the value of ; at time t = C+ is defined as -, then the above expression
enables TO to be determined in response to a sttp input of rd for various
combinations of K, Ta and Tx.

If K Ta = 0T - 0 (i.e. direct i.issile resronse), *o = n 2 and this
value is also the peak value of * in response to the step input of r.

IfK*0,Ta Tx =0 then*T = I - .n- rd and the immediate and peak

value of j is attenuated by a factor (i -Kn4) as described in Section 4.31.

If K 0,Ta *0, Tx = then *0 r.y d that is there is no attenuating
action on the immediate and peak val eof o .

Prom these cases it is clear that an instrument lag (T ) in the
absence of a control surface actuator lag (Tx) renders the lsiting system
ineffective for the imaediate and peak response of f to a step in r.

If howeverT * 0then* =0and fois not the peak value of -*in
response to the step input of d"

Figure 39(b) indicates the nature of the response iJ * to the step
in Zd-

An estimate of the oombined effects of Ta and Tx may be obtained
if the aerodynuao response of the missile is simp3ltied to p2  - n4 4.
This gives the high frequency response of the missile only.

- 59 -

SECRET



SECRET

Report No. G.W.15

The system is now such that

' ('d" 11- e-t/'T (

and

4f Knr 4d (1 ..-t/Ta) (85

giving

(I - e-t/TX) (86)
-d I - Kri (1 _,.-t/Tx)(Ie-t/Ta)

If r/d shows an arTrecianble overshoot beyond its final steady
state value this will be indicative of ,n )vershoot beyond the desired
limit on the T r osnse obt°tintd wh,:n the full aerodynamics are considered.

Consider an expression of the form

1 -e- t/Tx (87)+ I P t/Tx)

This A.rill give an overshoot beyond its final steady state value
'/I+% if

1 -t/Tx
1+k (I -- t/Tx) I +k

is satisfied by a finite value of t.

This relationship may be written as

and this is satisfied by a finite value of t if p < I so that overshooting
can only occur if p < 1.

Figure 40 gives y as a fuwctinn of t/Tx for various values of X and p.

The expression for '/ may be approximated by the expression y where
p 1 if T < Tx and p < if Ta > T and X = -Knr . Appreciable over-
shooting v41i only occur therefore if Ta A T.
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Thus as a first estimnte of the effects of the time constants on
the control surface lift limiting process it is to be expected that the
system will in fact limit the control surface lift unless Ta is comparable
with or greater than Tx . This has been verified on the simulator. With
a 50 millisec lag in the control surface servo the limiting process func-
tions correctly for angular accelerometer time lags up to 10 millisecs
but for angular acoelerometer time lags of 20 milliseos or more the limit-
ing process becomes rapidly ineffective.

This time lag restriction is rrobably the severest restriction in
the application of the limiting method. It may be necessary to deliberately
lag the input commands if the instrument lag is comparable with the control
surface servo lag.

4.5 Control surface lift limiting with non-neutrally stable body-wing
combinations

'We have now to study the operation of the control surface lift limit-
ing system under non-ideal conditions, such that the basic assumption of
a neutrally stable body-wing combination may not be valid, with a view to
determining what departures from ideal conditions are tolerable.

As discussed in Section 2.7 departures from the neutral stability
(or design) condition are most likely to arise from centre of gravity shifts
due to fuel consumption and for the purpose of the present investigation
we can regard centre of gravity shifts as resulting in changes in Nv with
no corresponding changes in N4 . If the centre mf gravity shift is H ft
then the net value of Nv, denoted by NX is given by

N' = N -oY cf. eqn. (20)V V v

The offects of changes in 'i on the weathercock frequency and damping,
the aerodynamic stiffness and the steady state control surface lifts have
been iiscussed in Section 2.7.

We now proceed to study the proposed method of obtaining control
surface lift limitation by threshold feedback of angular acceleration for
a range of possible values of H, i.e. for a certain range of departure
from the neutral stability condition.

There are really two cases to consider corresponding to major
differences in the method of limiting the lateral acceleration of the
missile. Case A considers the control surface lift limiting method as it
is applied to a missile in which the control rurface -demand signals are
limited to a constant level and as a consequence the limiting acceleration
is a function of h and other -erodynamic parameters. Oase B considers
the control surface lift limiting method as it is applied to a missile in
which the lateral aocel-ration is limited to a fixed value independently
of the value of H and other aerodynamic parameters as for example by theuse of the monitored diode system of limiting described earlier.

Cage A

Consider the test missile with a nominal -iOg lateral acceleration
limit. The control surface demand signal limit is determined from the
design oondition corresponding to H = 0. Table III shows the aerodyn mio
stiffness for H = O to be -1.21g/degree so that for ±+Og limits the Ootitrol
surface demand signal has to be limited to ±8.25 degrees. (When H deviates
from sero Table III indicates how the limiting acceleration varies with H,

being 5.8g for H = +9 inches and 21g for H n -9 inches.).
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-4 The most stringent test we can apply to the control surface lift
limiting system is to initiate a demand signal such that the control
surface moves rapidly from one stop to the other (a step of 16.5 degrees).
A convenient way of discussing the various conditions under which thestop-to-stop motion may be applied is to consider the control surface as
moving in square wave fashion from stop-to-stop. Figure 41 shows the
nature (as indicated by the simulator) of the control surface incidenoes
developed in response to such a control surface motion. Each step in
control surface angle produces an immediate change of 16.5 degrees in
the control surface incidence and then, as the missile responds to the
control surface lift developed the control surface incidence changes
until the new steady state condition is obtained. If the body-wing
combination is neutrally stable then H = 0, Case (b) of Figure 41, and the
steady state control surface incidence is always zero so that the control
surface incidences in response to the step motions consist of a series of
"impulsive-like" responses - an instantaneous change of ±16.5 degrees
followed by a decay to zero (assuming the weathercock motion to be critic-
ally damped.). If H * 0, Cases (a) and (c) of Figure 41, then the steady
state control surfacc incidences is not zero, being positive or negative,
for a positive control surface angle, according to whether H is > 0 or
< 0, i.e. according to whether thf- body-wing combination has Iositive or
negative stability.

Let the value of the control surface incidence (0 ) at the instant
immediately following a control surface angle step be B'. In Cases (a)
and (b) of Figure 41 4 is the reak value of 5r' In Case (a) the peak
value of r is either * or the ste:ady state value of Or according to
whichever is the greater of thesL two.

If the missile is originally flying straight and level when the
control surface motion is comen nccd =nd the frequency of the sjuare wave
motion is high, so thaft the missilic as a whole cannot respond to the
control surface motion, thn r a arnd in particular the peak value of
r = peak value of 4 = 8.25 dagrecs.

Reference to tht diag.rans of Figure 41 shows that in general

10,1 = I IValue Or h-s attained from past motionj +16.5'1 (88)

where the +ve sign is tken if H < 0 and the _-e sign if H > 0.

If the frequency of the square-wavt motion of the control surface
is slow enough the control surface incidence reeches a steady state after
each step of the square wave. Under these conditions equation (88)
becomes

l0 . = i ISteady state value of Or oorreponding to 8.250 oontrol afacerdefleotioni ± 0.501 (89)

where the +ve sign is taken if H < 0 and the -ve sign if H > 0.

We denote the magnitude of the control surface square wave motion
by - L (=±8.250 for the test missile.).

Figure 42 shows as functions of H the steady state values of control
surface incidence for 4 = I 4. (Curves (a) and (al)). Alm shown in
this figure are the peak values of control surface inoidence incurred in
moving from one of these steady states to the other (Curves (b) an (b 1 )).
The peak value curves are displaced by 2 4L units from the oorresponding
steady state curves. For example if H <O and the missile is in the
steady condition for which Or Aa then when the control surface moves to
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, the other stop, a step of 2k units, O increases to the value Bb and
then tends to the steady state value A.,. The same argument applies
for H = 0 or H > 0, the points A Bb Aai simply moving to new positions
on their respective curves (a), tb) and (a,). Considered as functions of
time the motions Aa to I% to Aa1 generate the curves given in Figure 41
as Cases (a), (b) and (a) for H < 0, = o, > 0.

All that can be achieved in the way of limiting the control surface
incidence by the feedback process described earlier is a limitation of the
"impulsive-like" part of the control surface incidence response. That is,
all that can be achieved is a reduction in the spacing between curves
(a) and (b) and between (a1) and (bi) or in words in attenuation of the
"immediate response" of the control surface to input demand signals.
Omplete suppression of the "impulsive-like" part of the response would
merge curve (a) with curve (b) and (al) with b1 ).

Sine the curves are symmetrical about the H-axis the numerical
values of the peak values of control surface incidence are given by the
loci of the points lb and Al assuming the control surface incidence to
be positive and taking the peak value as being given by the locus of Bb if
Pb > Aai or the locus of Aai if < Aal. Interpreted in this way the
the curves ObDb and DbEai of Figure 42 define the peak values of control
surface incidence as functions of H.

Limitation of the"impulsive-like" part of the response makes curve
(b) tend to curve (a) (see Figure 41). For various degrees of limiting
a family of curves CD exist.

Such a family of curves is shown in Figure 43(a). Depending on
the degree of limiting the curves CD and DE or CID, and DjE or C2D2 and
D2B define the peak value of the control surface incidence. This diagram
enables that departure from neutral stability of the body-wing oombina-
tion which renders the limiting system ineffective to be determined.
Clearly if tho limitation of the "implsive-like" part of the o-response
is only just adequate under the design conditions of neutral body-wing
stability then it will Le inadequate for values of H < 0 since the CD,
C1jD, C2D2 ... family of curves give increasing peak values of o for H
increasing negatively. If H increases positively then the limitation of
Or will be adequate until the point D1, D2 , D3 ... is reached. Thus if
the system is to give adequate limitation over a range of H the limiting
has to be more than adequate under the design conditions. Suppose the
"impulsive-like" part of 8r to be reduced by feedback to P giving the

ak locushCpp, pEl of Figure 43(b). If the tolerable peak or is P,
> P) ten the tolerable variations in H are given by

He< H < H (90)

where Ho and H, are the values of H for which the ordinates on 0-n- and
D, are equal To P.

Figure 44 shows for the test missile the dimensional diagram corres-
ponding to the general diagram of Figure 43(b). This diagram indicates
that large positive values of H are tolerable. For example if the "impul-
sive-like" part of the 0. response is reduced from -16.5 degrees to ±2
degrees (very tight limiting) then the positive H limit, namely HE, is
6 inches. For a limitation to 24 degrees, H1 is greater than 12 inohes.
A more severe limitation exists for the negative range of H. Table XVI
indicates how, for a maximm tolerable k of ±10 degrees, the negative H
limit, namely H., varies with the attenuation applied to the "impulsive-
like" part of th r response.
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TABLE XVI

H inches 0 0 -3 -6 -9 -12

Attenuation ratio of "impulsive-
like" r-at of response 0.61 0.52 0.39 0.21 0

Case B

Consider the test missile with a lateral acceleration limit of t1Og
which functions independently of the v-lue of H. We may for present pur-
poses imagine this as bting achieved by limits on the control surface
demn-d signal .which vary in the a propriate manner as H varies so that
the limiting acceleration is aIways ±10g.

Vtble XVII indiottes how, for the test missile, the limits on the
control surfact; deand sigrnl would h.ve to vary with H in. order to
m-intain an rccelern.tion li.it of tiO'F for %l values of H. Also shown
are th,. st ady state values of ?ontrol surface incidence corresponding
to log l-,t,!r'tl tccelraticn.

TAMLE )VII

H (inch',s) +5 + 4) +3 1-3 -6 -9

Limits on control surface 1 0.0 8.25 6.67 5.20 3.92
demaind signal (Dcgr'o 1. 221. .5 66 .0 39

Steady statc control
surface incid-nc.
corresponding to l.t-ral 4.5 2.'F9 1.38 0.825 -1.09 -2.12 -3.08,acccler-ition of' iCEg

(degrees) olg

Assumption of the values given in tht above table does not quite
fit in with the lateral Pzceleration limiting system described earlier
(in Section 3.5) as giving ±1Og irrespective of the value of H since in
this system the control surface demand signal is only so limited when
the acceleration is at or near -lOg and may be grentcr than the value
given in the above table when the acceleration is less than the limiting
v-alue. There -are however further stops imposed on the control surfqce
motion due to the limited control surface traverse. If we denote the
maximmn control surface trverse angle by ) and the limiting angle for
iOg by 0 then the pek value of control surface incidence is given by

IPeak Orl I lIsteady state Vlue of Or orresporning to IOgI t I e1 + 0
(91)

where the +ve sign is used if H < 0 and the -e sign is used if H > 0.

Now " is such that 6 % 8 _ where is the largest value of
to be expected, i.e. the 0 corresponding othe largest positive value /of H to be expected. Suppose we put 8 a 0 then

I-ak Or I I Isteady state value of Or ocr esponding to iOg I t 0 + O#ll
(92)

SECRET



SReport No. G.W.15

For the test missile wP 'Insum the largest positive value of H to
be +6 inches. giving Om, = 12.2 degrees from Table IMI. Equation(92)
then gives, for exwnple, using the diti of Table XVII.

H = +3 inches 1Pe 8r1 = 1 1.38 - (10+t2.2)j = 20.82 degrees (93)

H = -3 inches Peak OrI -I 1.09 + (6.67 + 12.2) = 19.96 degrees (94)

Figure 4r showls, for the test missile, how the peak control surface
incidence, calculated as above, varies as a function of H for various
degrees of limiting of the "imrulsive-like" part of the Or, response (i.e.
attenuation of the 0 + ,,x terms in equation (92).

Comparison of Figures 44 mnd 45 for the Cases (A) and (B) shows
that in Case (B) the tol,'rable r-mgp in H is more evenly distributed about
H = 0. The differenoes bttween the two cases is unlikely to be important
as far as the control surface lift limiting is concerned since over the
range -9" < H < +9" the difference bfe.t.een the two cases is small and it
is considered unlikely that H will vry by more thn this amount.

4.6 Conclusions on control surface lift limiting

For -t missile of conv.ntionad design writh a neutrally stable body-
winF combin-ttion th, r-cults cf Sf ctions 4.1 to 4.4 indicate thit the
proposed method of limiting the pr-J control surfasce lifts can be succcss-
fully applied providd certa.in in3trum-nt-ttion difficulties can be over-
come.

The ma,,cr difficulty in alplying the method would seem to lie in
the development of an angulr. accelerometer whose time constant is less
than the ti=a, constant of the control surface servo-mechanism. If a
sufficiently ftist aLngular icc.leors, ter nnot be developed then for the
method to arrly the control surfc se s rvo time constant wnuld have to be
increas-d i,.Ith rcssitlc comrlications in the overall control problem.

Neglecting the accelerometer time constant then the results
indicate th-it, for the t',st missile assumed and for the associated test
bean rider, the peak control surf ace lifts can be reiuced to at lelst one-
third of their rrstnt valu-s -arithout an appreciable loss in general
performance of the missil,.

The departure from the neutr-l stability condition which can be
tolerated before the method breaks down has been evaluated in terms of
the range of centre-of-gravity Iositions (i. e. static mrgins) over which
limiting can be successfully applied. This range is such tKat it should
adequately cover stitic margin changrs due to fuel oomsumption. For
examnrle static margin chLnges of ±9 inches are tolerable in the test
missile.

In the Appendices to the report the fnot that control surface limit-
i cn abe applied is used to indicate how a more efficient control
surfRc system may be designed.

5 Combined Total Lift and Control Surfice Lift Limiting

In Section 3 a method of limiting the total lift on the missile
and in Section 4 a method of limiting the control surface lift have been
discussed. There now remains the problem of combining the two limiting
processes in the same missile. A
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5.1 Application to the test missile

We consider first the test missile with a total lift limit of -1og
imposed by the monitored diod, system of limiting and observe the perfor-
manoe of the missile as the control surface lift is more and more strin-
gently limited. This problem has been studied on the simulator in terms
of the responses of thu missile to step demands for control surface deflee-
tions. The conditions of thv te ts were such that the angular acceleration
threshold level (M) wa2 300°/sec z and the feedback gain (K) was increased
from zero to 0.418 seo . . Two input demand signals for control surface
deflections were used, the first a step demand for 100 deflection and the
second a step demand for 201 defl1ction. With increasing feedback gain
(K) the "impulsive-like" control surface incidence is therefore progress-
ively reduced from 100 to 1.50 for the 100 input step and from 200 to
1.50 for the 200 input step.

Figure 46 shows the response& of the test missile when the input
step demand is for I0. As K is increased the peak control surface lift
is limited az described in Sotion 4.4 and this is indicated on Fi e 46
by the reduction in the pcnk values of the angular acceleration (*) and by
the reduction in the yC-kick on thc lateral acceleration (K ) records.
However, -is K increases, overshooting beycnd the dcsired limits occurs to
an increasing extcnt in both th, total accclrration (9 ) and wing incidence
( ,) responses. This overshooting is to be expected since the rapid
corrective action called for in preventing -ny overshooting beyond these
limits is hindered by the now reduced control surface lift available.
The severity of this overshootin. is increased as the initial demand for
control surface deflection is increascd as is shown in Figure 47 which
corresponds to Figure 46 .xcept that the demands are for 200 rather than
for 100 of control surfrce deflection. In effect, given the tolerable
overshoot beyond the steady state limiting total lift, then the minimum
control surface lift nLccssary is defined and it may not be more stringently
limited without exceeding the tclerable total lift overshoot.

Figure 48, which is derived from Figures 46 and 47 shows the
percentage overshoot in vwing lift for several combinations of possible
control surface demand signals and control surface lift limiting parameters
If the feedback gain (K) is large enough, say K # 0.418, then the system
is relatively insensitive to the value of K and Figure 48 shows that:-

(a) If the threshold level is 3000/see 2 then for a 100 step demand the
percentage overshoot in wing lift is 7% while for a 200 step demand
the percentage overshoot in wing lift is 18%.

(b) If the threshold level is 6000/sec 2 then for a 200 step demand the
percentage overshoot in wing lift is Y .

A very rough guide as to the percentage overshoot is given by

Pereentage overshoot =

* ( 25 0).-Xanitude of step demand for control surface deflection in dearees

Threshold level in degrees/sec
2

(95)

5.20 Atmlication to the test beam rider

Figures 49 and 50 show the responses of interest during a recovery
from a step displacement of the radar beam of the test beam rider with ±Og
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* acceleration limits and with various degrees of control surface lift
limiting.

The overshoots in lift slow up as in the previous section although
it -.ill be noted that these are only large for very large beam displace-
ments of the order of 500 ft or more and this is a more stringent oondi-
tion than any which is likely to occur in the flight of a beam riding
missile. Thus tho proposed limiting methods should be directly applic-
able to the test beam rider for lattral acceleration limitr of the order
of ±Og and control surface incidence limits of the order of 15 degrees.

6 General Conclusions

Some detailed conclusions have already been given on total lift
limiting in Section 3.7 Ind on control surface lift limiting in Section
4.6.

The broad conclusions are thiit for a missile whose design conforms
to the design criterion given in the Re-port o he R.A.E. Project Group
on Mediur. Rang- Anti-Airoraft Guidcd Ydssilesl ) then:-

(a) Th, output of a lateral accelerometer nay b, fedback to thc
control surf ac, systcm nd used in various ways to limit thet total lift
on th, missile. A method of limiting in which the clipping level of
olirpin, diodes on the irut guidanc signa ls are monitored by feedback
from an accelerom(-t(r, suitably situated ahtead of the centre of gravity
of the missiL hs bt-n shown to hvew - advantages over all the other
systems concidcred.

(b) Curtailm,;nt of th( r*-k control surface lifts is possible
without a mnrked di-terioration in missile performance. This may be
achieved Ly suit, lc f-rdbrck from an rtngular accelerometer. The proposed
method may only be altrlied rroviding that any departure of the body-wing
combination from neutral stability in x, aI. This condition will in
g.!neral te satisfied. Ths mjor difficulty foresepn at the moment lies
in produoinp an anul.r .accelromter whcese tim constant is less than
the time constant of th,, control surfacr - servo-mechanism vrith which it
is to be associatcd.

The Apr dic-s to the report indicite how limitation of the peak
control srface lift ny b used to advantage in the design of the
control surfac, system.

(c) Tot-,l lift o.nd control surface lift limiting of the above
types cLn be simultaneously applied to a missile although the relative
degrees of limiting -ttainable are inter-dependent.

r/
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APPENDIX 1I7

Calculation of the Acceleration Response of a Missile when 4
the Control Surface Incidence is Limited

by

Lt. Cdr.(E). D.C. Satow, R.N., A.M.I.Mech.E.

I If the control surface incidence nf a missile is limited, by a
method of the tyre described in Srotion 4.4 or otherwise, then its
response in lateral itcceleration tc input demands is a non-linear func-
tion of these input demands. This aRrpndix gives a method of calculating
the non-line-tr resrcns-. The method is used in Appendix II where the
acceleration resron-Js of various missii s incorporating control surface
incidenec limiting are uompared.

2 It is tissu.el that the, L-,,sic - ,'rodynar.ic equations are as in
Section 2.1 _4uations (1) ,ri S,.ctinn 2.4 -- uation (i)), namely

h v +v yr.r + y .

y v rr= n.V + n.r fl.'

+ Ur

and r= -v/u (1- e/a)r

For the rurroso of modifying the weathercock frequency and damping,
fecdback to the control surfarce (2) of lateral acceleration (h) and
rate of yaw (r) ar assumed. Th, control equation is thus that given
in Section 2.9 equation (2'), n-anely

= rt+ br +~ dii

where b and f re constants.

The following relationships are derived from equations (i) and (ii)

Yr. Y4
r= •cYj~ iiYr

!I
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( f' D2 +D (-y n-% - -rxz + (Unv +Xrv'-bxr- fUxvr) (v

-G= D Dry.r (iv)

,2+ x~rD UX"

rt .( y)D -v-n-b,- f )+ Unr +x ,,bx hcv (v)

If D2 (I -fy) + D (-~ n xr (Uri, + xr7-bx e-fUx 4)

is written Ls

(fy4)(2. Unm m'w

then

/, is the modifipd weathercook frequency

and u is the modified weathercock damping ratio.m

For the various missiles to be considered in Appendix II it is
assumed that the feedback constants b and f are chosen to givq

u = I and w = 10 rads/sec. (vi)m m

If

D2'°F-yv-n -(I- at-N + 1" I ae-(- N #

is written as

D2 + 286yD ,2

then

thny 2 uUn , +x~

- 70

SECRET j



SECRET

Report No. G.W.15.

and
25 6y -Yv'nr'(' U

Ior the vrious missiles to be considered in Appendix II, 6 is

approximately equal to unity and

6.1 (vii)

is assumed in all the follwing work.

If in addition to these reformulations of the quadratic expressions
we put

(viii)

and b,

then equntions (iii) to (viii) give

D2 +a I D+b"I D , (ix)

(D +) 2

(D+ y) 2.(1-fy ). (D C1x)

D2 + aI D +b

(D+ 12)

Equations (ix) to (xi) form the basis of the calculation of the missile
response.

3 We consider the response of the missile to a step input demand 4.
sufficiently large to oause an initial limitation of the control surface
incidence. The complete acceleration response consists of two parts:
the first part is the response to a constant oontrol surface incidence,
i.e. the value to which the control surface incidence is limited; the
second part is the response to the constant oontrol swfaoe demand %r.
The constant control surface incidence may be regarded mathematically
as the results of an input demand r4 which varies with time in such a
way as that the control surface incidence is constant. The change over
between the two parts oocurs at the time at which this input demand
signal reacher the value 4.

-71-

SECRET



SECREfT

Report No. G.W.15

(a) The first part of th. acceleration response.

From equation (ix) we have

D- +aI D+bI
r (D+y) 2

The Laplace Transform of this relationship gives

(p + y) 2 h y< (i2 +.1 p + bl)B 1r

+ (p+r~ 2Y]

where the suffixes o indictcu tht: ir.itial values and the stars denote the
Laplace transform of the juantit:,- so lahelled.

Let the value to w.hich tht control surface incidence or is limited
be P; as this is armlied .s :t ster inrut.

Or PP
0".0

ro
y~p

hPo =0

so that 2
P +2yp+b1 .

p Y4 (P+ y)2

The inverse transformation of this gives the solution

which is the first part of the acceleration response.

(b) The instant of change over from the first to the second part of
response.

The demand signal required to give the constant control surface
incidence P is less than fhe actual demand signal 4Q"

-72-
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From equation (x we have writing r for C

; " (D Y)2

The solution of this for a step input P of control surface incidenoce is

similar to (xii); thus

w2

= y~) L- ) e W]

The change over between the two parts of the response oocurs at

time t 1 when 2= % thus t1 is given by

=- (I - fy~ r~. Fl) .,,(1-yt Yt]

or

.- Ytj j-2 2
(I1+ -yt1) e

- 1t = - - ". _2 ] /(_ (xiii)

. Wm Wm

(a) The second part of the acceleration response.

F'rom equation (xi) we have

h yy + a1 D+b1
-fyr (D+ m)2

The Laplace Transform of this relationship gives

(P+ W )2 ..£._ (p2,.a, p, ,b)

+ + . p (p. 2 w)
P1 p1  m

. fy (irc (p+a)]
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where the suffixes I indicate the boundary values at the oommencemeet of-the second part of the response.

We have for a constant control surface demand

1 = 0

The boundary values h and h- are obtained by substituting the
p1 P1

value of t, given by (xiii) into (xii) and its derivative: thus

P , b 1)

p p(p +W) 2  (p4. )2

which on inverse transformation gives

where I = t + ti.

If ths steady state ,oorrespondin to the steady state t is
denoted by hG then

and (xvi) may be written as
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- (I -T I) e-" + W G e m (xviii)

and this is the seoond part of the response. I
4 The response of the missile in acceleration to a step input demand
4G suffici ntly large to cause an initial limitation of the control 4
surface incidence is thus given by equations (xii), (xiii) (xiv), (xv)
and (xvi). These equations are used in Appendix II to obtain such
acoeleration responses.
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Ma~~. APP2Ifl II

A New Design Criterion for Control Surface Size

by

Lt. Cdr.(E). D.G. Satow, R.N., A.M.I.Meoh.R.

I It has been demonstrated in this rerort that the control surface
incidence or lift may be limited quite severely without introducing any
significant deterioration in the lateral acceleration response of the
missile.. The control surface size of the "test missile" used in the
report, in common with many actual missile designs, has been based on a
design criterion given in the Report of th4: .A.E. Project Group on
Medium Range Anti-Aircraft Guided MissilesM). The fact that control
surface lift limiting can be applied without deterioration in the response
of the missile suggests that it may be possible to reduce the control
surface size below that derived from the above criterion. Although this
appendix is only a superficial examination of this issue it indicates
that a reduction .in ocntrol surface size is possible provided some method
of control surface incidence or lift limiting is used.

2 A number of different missile designs are considered, these having
different sizes of control surfaces and varying degrees of control surface
lift limiting. For each design the acceleration response to a step input
demand has been computed, using the method developed in Appendix I, and
the results compared.

We consider as a "datum design" the test missile of the main report
i.e.a missile designed on the basis of the R.A.E. Project Group design
criterion. Briefly this criterion is such that the body-wing combination
is neutrally stable, Yr is decided by the maximum lateral acceleration
required and the maximum wing incidence allowable, Nv is decided by the
desired weathercock frequency and Nr is determined from Nv .

One possible approach to a new design is to use the "datum design"
as a basis but then reduce the control surface size (i.e. reduce Yr and
Nc). The reduction in N4 results in a reduction in Nv . The decrease in
weathercock frequency associated with this reduction in Nv may be offset
by using lateral acceleration feedback to restore the weathercowk frequency
to its original value. As the control surface size is decreased in this
way the peak control surface incidence or lift, for a given step demand
for lateral acceleration say, increases but if this Incidence or lift is
limited (by the method of the main report or otherwise) then the peak
control surface incidence or lift may be kept within desired limits.

Consider now the following alternative designs for a i5g missile.

Missile Desian No.. (The datum design)

This is the test missile of the main report. For 15g lateral
acceleration the steady state control surface deflection is 12.5 degrees.
In response to a step demand for 15g the peak control surface incidence
is also 12.5 desrees.
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kissile Design No.2

In this missile the control surface size is half of that for
Missile Design No.1. i.e. Yr and N are halved. Yr is unaltered so that
the same wing incidence gives the same lateral acceleration but Nv is
halved since the body-wing combination remains neutrally stable. The
weathercock frequency is restored to that for Missile Design No.1 by
lateral acceleration feedback.

For 15g lateral acceleration the steady state control surface
deflection is 18.7 degrees and the peak control surface incidence in
response to a step demand for 15g is 21.3 degrees. The peak Incidence
is greater than the steady state deflection since the lateral acceleration
feedback has no effect on the initial step of control surface motion.

Three cases are considered: the first with no control surface
incidence limitation; the second with the control surface incidence
limited to thepeak value occurring for Missile Design No.1 i.e. 12.5
degrees; the third with the control surface incidence limited to 6 degrees.

Missile Design No.3

In this missile the control surface size is a quarter of that for
Missile Design No.1. (i.e. Y, NY and consequently Nv are reduced in the
ratio 4:1 and then the weathercock frequency is restored to that for
Missile Design No.1 by lateral acceleration feedback).

For 15g lateral acceleration the steady state control surface
deflection is 32.9 degrevs and the peak control surface incidence in
response to a step demand for 15g is 39.5 degrees.

The case considered here is that in which the peak control surface
incidence is limitcd to the peak value occurring for issile Design No.1
i.e. 12.5 degrees.

Table A gives the aerodynamic derivatives and certain other data
for the above missiles.

/VhBLE A

Ii -77-
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TABLE A

Missile DeuIn Number
I II III

Control surface size relative to A
Design I

Body-wing stability Neutral Neutral Neutral -

U ft sec" 1  1500 1500 1500
*4t se "2  800 400 "200

sec 2  -200 -100 -50

Yv ft sec "1  -1 -1 -1

nv  sec" 1  1/15 '130 1/60

Yr ft sec 1  2.4 1.4 1.0

nr  sec-1  -1 -0.6 -0.45
Ueathercock angular frequency (rad/sec), 10 10 10
when modified by acceleration feedback

'1
Aerodynamic stiffness (g/degree) when 1.2 0.8 0.456
modified by acceleration feedback V

Steady state control surface li
deflection to give 15g when modified 12.5 18.75 32.9
by acceleration feedback (degrees) if

Maximum unlimited control surface
incidence corresponding to 15gI 12.5 21.25 39.5
demand (degrees) U

Key to acceleration in response to a 15g acceleration demand (Fig.51)

Control surface incidence unlimited Curve (a) Curve (b)

to 12.5°I Curve (a) Curve (o) Curve (e)
601 Curve (d)
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Figure 51 shows the acceleration in response to demands for 15g
lateral acceleration for the various missiles. There is little change
in the acceleration response if the control surface size is reduced to
a half or a quarter of that given by the datum design and the peak
control surface incidence is limited to the maximum value occurring in
the datum design. (See Curves (a), (c) and (e)). That is the new
designs give comparable missile responses but with smaller control
surfaces and hence smaller peak control surface loads.

The limit to what can be achieved by this new design approach would
seem to be set by considerations of the magnitude of the static margin.
As the control surfaces are reduced in size so also is the static margin.
For example in Missile Design No.3 the static margin is only 5 inches
(i.e. 6.7A of the control surface moment arm). As a consequence of the
small static margin variations in the centre of gravity and centre of
pressure positions during flight will be of increasing importance.

It is emphasized that this appendix is only intended to indicate
the possibilities of improving on the "datum design". A very much fuller
study of this problem would be necessary before definite conclusions
could be drawn.

1 - 79 -
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- ACCEL, FIG.3 (caab)

(i)MOTION UN)ERAMPID

T TIME

(ii) MOTION CRITICALL

(a) THE FORM OF THE ACCELERATION RESPONSE OF THE MISSILE
TO A STEP MOTION OF THE CONTROL SURFACE SHOWING THE

REVERSE KICK.

ofo

-00005 o 000 0<010O00I25
AcceERATION FEE0BACK GAIN .RAO. i~ Sect

(b) THE REVERSE ACCELERATION KICK AS A FUNCTIODN OF THE
ACCELERATION FEEDBACK GAIN.

FIG. 3to&b) THE REVERSE ACCELERATION KICK
IN TH ACCELERATION RESPONSE OF THE MISSILE. 1
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SIMULATOR RESULTS

*O-COZ 0.0005 O0 0Or 0.0025

ACCELERATION FEEOSACK GAAIN . Ma ft 4 sine.

FIG. 4. THE STEADY STATE ACCELERATION
OF THE TEST MISSILE AS A FUNCTION
OF THE ACCELERATION FEEDBACK GAIN.
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ACCELEROMETE[R ouTPUT[

d e-TIME

d -33'

ECRITICAL 015TANCZ FOR TEST MiSSiLZ-E, vt 4-e"]

d-57S

(THESE RESPONSES RELATE TO THE MANO.UVLRES OF THE
TEST BEAM RIDER W14EN SUBTECTEO TO A STEP DISPLACEIMeNT

OF THE RADAR BEAM.)

FIG.6. COMPARATIVE OUTPUTS FROM
ACCELEROMETERS SITUATED DIFFERENT
DISTANCES (d) AHEAD OF THE CENTRE OF

GRAVITY OF THE TEST MISSILE.
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FIG. 14.(a a b.)

(F T FEEDBACK SYSTnE

8 +rED F(P+T 
G I

SI "p T4RESHOLD

1, F AND Te Posrriv, QUAN.rlII; SYSTEM IN STEADY ATe.

(b) QIATWSIN LE LOO SYSTEM.

+'GI4( Fb). DIARAM FOR DAALSIS OF
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FIG. 15. STEADY STATE ACCELERATION AS
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FIG.22

sTrADY STATE WING LIFT
ws

MONITORED DIOOE SYSTEM SET TO GIVE
NOMINAL 1O9 LIMIT FOR VARIOUS
F.EDBACK CaANS.

100

- mEASURE OF ACCELERATION

FEEDBACK CAIN IN RAO. F &1 See

o uO' 055

0 10 z0 30
CONTROL SURFACE DEMAND SGNAL (DEQRE5)

FIG.22. STEADY STATE WING LIFT vs.CONTROL
SURFACE DEMAND SIGNAL FOR THE TEST
MISSILE WITH THE MONITORED DIODE

LIMITING SYSTEM.
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TIME
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CURVE (a)

TYPICAL ACCELERATION
MANOEUVRE.

-+Av

CURVE (b)
"ACCELERATION CLIPPING"
APPLIED TO TYPICAL T

ACCELERATION MANOEUVRE.
LIMITING LEVEL ' A.
,EQUIVALENT TO CURVE (G)
3ETWEEN ± AMAx) -AmAN

CURVE (C) +AX
SIMPLE DIODE LIMITING OF

INPUT DEMAND SICNALS AS

APPLIED TO TYPiCAL
ACCELERATION MANOEUVRE TI
LIMITING LEVEL- :t AMAX.
MISSILE WEATHERCOCK
MOTION CRITICALLY I/
DAMPED GIVING CRITICAU(
DAMPIED BUILD UP TO

AM,. LEVEL&.

FI1G21 COMPARISON OF ,CCELERATION CLIPPING"

WITH SIMPLE DIODE LIMITING SYSTEM.
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*(f)T4RE-5440L FEEDBACK __________105
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(THE TE.ST BEAM RIOER, LATERAL ACCELERATION LIMITSO 109,045,S BEAM
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FIG.25 COMPARISON OF R.M.S. WING LIFTS FOR
DIFFERENT LIMITING SYSTEMS AS APPLIED

TO THE TEST BEAM RIDER IN THE PRESENCE OF

RADAR BEAM JITTER.
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FIG. 26. BASIC SYSTEM FOR CONTROL SURFACE
LIFT LIMITING.
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i FIG.31. THE "BEAT EFFECT" PRODUCED IN THE
:'RESPONSE OF THE TEST BEAM RIDER !BY ANGULAR ACCELERATION FEEDBACK.
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FIG. 32. COMPLETE RESPONSE OF TEST BEAM
RIDER TO A STEP BEAM DISPLACEMENT OF
375 FT WHEN ANGULAR ACCELERATION

~FEEDBACK IS APPLIED TO THE MISSILE.
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FIG.41.
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FIG.41. CONTROL SURFACE INCIDENCE IN
RESPONSE TO A LOW FREQUENCY SQUARE WAVE
MOTION OF THE CONTROL SURFACE DEFLECTION.
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FIG. 43.(o b).

C \ CONTROL SURFACE INCIDENCE.

C \ b

H
CURVES ~ 4% AN R SONFG Z

THE FAMILY OF CURVES C, oC D , ETC. ARE OBTAINED BY DIWPLACING(c
TOWARO5 , i..e. BY REOUCING THE SEPARATION (e L) BY
LIMITIW, ACTION.

CONTROL SURFACE INCIDENCE

Gp\

4%

I +

Hc  0 H F.

(b)

FIG. 43(aab). PEAK CONTROL SURFACES
INCIDENCE CHARTS.

(LIMITED CONTROL SURFACE INCIDENCES)

N



4325

REPORT G. W IS.

- FIG. 4 4.

w
k-J

II

U I I-

j I

uiI IL
u A

I I9z
of W

40

I~l I 0. U
-j ~ ---- -4----,T)
o I Iif



C&W/ /4326 REPORT G.W IS.

FIG- 45.

* w

44

2 -.

I Io
I I I.-W

I I w

ZI I
I I I

~ I I
- 4 -[m

IILO U

4 IIn



4387
REPORT G. 15,I

- FIG.46.

0I.
u -

00

0 0 0: 

4 ~z L
IAAs

-a-

0 00 W

I -j

O . 0 0

0.

0

3.9

~3S I NI~ ~yO~jNOUVTI22Y WeelN



GaW/P/*32&
RPORT G.W 15,

AA FIG.47

i

0 00

2 0

U I-

u D

um

x. ad

0 £00

90 75
.aa.

Ab 0.
F S oW

I-z

0 6t 6 * I

'?291 NM NN329NOILV21mv VW-4



RePORT G.W. I5.

to FIG. 48.

® .

fS

I-

z

0 se:

0.1 o.z 0.3 0.4
ANGULAR ACCEJLFRATION F.EDBACK GAIN

@ ZO*CONTROL SURFACE DEMAND. TI.RIESHOLD,-300"/S1EC! OF ANGULAR ACCeLe RATION.

® CONTROL SURFACE[ DEMAND. THRESHOLD:- 6001fSECe OF ANGULAR ACCELERATION.

( id' CONTROL SURFACE DEMANO. THRESHOLD'- 30011SEe~ OF ANGUL ACkCELERATION.

SFIG. 48. OVERSHOOT IN WING LIFT WITH
COMBINED TOTAL LIFT AND CONTROL

SURFACE LIFT LIMITS.

t3
th



&W/P/4330
REPORT . W. IS.

- AJ ,, FIG.49 -

-z

100
0 0

AJ Uj W&r

w U

.j - LL-
41

ce4

FAJ CL M CL i

G" b

680

AJ U

C, I- a I--

Uu

F 0 0 4-X 0 :
SI I.-0-

w

XU

0
u

0C

0



4,331.
REPORT .W. 15.

- FIG.500

00 0

LLO:J-z
UW

0m

a a0 0-

SLL
<

0 0 0

V -0

IN u



CoW/P/433t2
REPORT G.-S 1.

- FIO. .

j IL .4:

6 d
uf
w

n WO)

z

66 6



-.mam ThOSC a ctat-r's 'irc lnnortc.! In .t. mvpcru. ar.. ; i.,a N~tk.: f~r trx. ^.,rvcrn-
Icnc f Lltrar! xs -r. *t r wh. t . ai an Ira~~I~~

Dctzachcl ..r2. :ra !ut3c-t t, tIha sL.-;c ..oarIty KoctJ:.tl rm is tt, var.t Ja:ct
ani reaa'r ! th I r lz ,at I, n MhlU tv r.- *c .11 thi. If.si th, ti ;Ce C ,ur A tho

parct.t a Cu,.-Cnt.

-r L:.

LO E*-- :r -;4

:3

t3, -J

Q -2 - -

.-6* 0

l

3 15

6 tri

V) 7



61 L

d.-~ L L

L Z3

-* -

43 u

C:)



!dstl
[dstl

.< >
+ ' 

; ", ,

Defense Technical Information Center (DTIC)
8725 John J. Kingman Road, Suit 0944
Fort Belvoir, VA 22060-6218
U.S.A.

AD#: AD011585

Date of Search: 31 July 2008

Record Summary: AVIA 6/1 9385
Title: Prevention of excessive lift forces on guided missiles
Availability Open Document, Open Description, Normal Closure before FOI Act: 30 years
Former reference (Department) REPORT GW 15
Held by The National Archives, Kew

This document is now available at the National Archives, Kew, Surrey, United
Kingdom.

DTIC has checked the National Archives Catalogue website
(http://www.nationalarchives.gov.uk) and found the document is available and
releasable to the public.

Access to UK public records is governed by statute, namely the Public
Records Act, 1958, and the Public Records Act, 1967.
The document has been released under the 30 year rule.
(The vast majority of records selected for permanent preservation are made
available to the public when they are 30 years old. This is commonly referred
to as the 30 year rule and was established by the Public Records Act of
1967).

This document may be treated as UNLIMITED.


